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1. INTRODUCTION 
1.1 General Remarks 
Prestressed concrete members undergo time-dependent deformations 
as a result of creep and shrinkage of the concrete and relaxation of the 
prestressing reinforcement. The rates of creep and shrinkage and of relax-
ation of the prestressing steel are greatest during the early ages, and de-
crease continuously with time (when under constant environmental conditions). 
The rate of long-time deformations of members also diminishes with time, but 
measurable deformations may occur for many years. 
During the past several years, there has been considerable renewed 
interest in the amount of prestress losses which occur during the lifetime 
of prestressed concrete structures (11,14,22). As a result, some long-term 
investigations of the behavior of prestressed concrete bridges have been 
carried out under field conditions where the varyin~ environment is an im-
portant facto~ affecting the behavior of the structure (10,13). Now that 
some experience has been gained, under both laboratory and field conditions, 
the next step is to use this experience by incorporating it in finding a new 
set of factors for the prediction of prestress losses, recognizing the com-
--plex interrelationships which exist betwee~ shrinkage, creep, relaxation of 
the prestressing steel, and elastic losses at release. 
1.2 Object and Scope of Investigation 
The main purpose of this investigation is to provide a better 
understanding of the time-dependent prestress losses in composite and 
2 
noncomposite pretensioned, prestressed concrete bridges under sustained loads 
and which are subjected to either fluctuating temperature and humidity under 
field conditions or constant environmental storage conditions. 
The scope of this study is: 
1. Analytical study of the time-dependent prestress losses. 
2. To develop simple expressions for the prediction of prestress 
losses in prestressed concrete structures. 
The analytical study includes: 
1. A reexamination of the revised rate of creep method as a 
method of analysis for the prediction of time-dependent 
deflections, stresses, strains, curvatures, and prestress 
losses. The method of analysis is treated as a step by 
step numerical procedure which takes into account all the 
variables having influence on the long-time deformations 
and prestress losses. 
The major variables investigated in this study were: age of 
precast girders at the time of casting of the deck concrete, time of trans-
fer of prestress, deck dead load, type of prestressing strands (stress-
relieved strands and low-relaxation strands), level of prestress, and the 
effects of varying environmental conditions on the behavior of concrete 
structures. 
3 
2. METHOD OF ANALYSIS 
2.1 Introduction 
The prestress force applied to prestressed concrete beams 
continuously decreases during the lifetime of the structure. Immediately 
after release of the strands, the initial prestress force decreases due 
to the elastic shortening of the concrete at the level of the steel. From 
then on, it continues to decrease due to the combined effects·of creep and 
shrinkage strains of the concrete and relaxation of the steel. 
Different methods have been developed for the estimation of the 
time-dependent deformations of concrete (9,17,21). Among them, the rate 
of creep and the superposition methods are the most widely recognized 
methods for calculating creep strains under variable stress in concrete 
structures. In a previous study, Mossiossian and Gamble (17) came to the 
conclusion that the rate of creep method gives good results as long as 
changes in stresses are small but when major changes in stresses occur, 
such as those taking place at the time of casting of the deck, the revised 
rate of creep method seems to be the most suitable method of analysis for 
predicting time-dependent deformations of prestressed concrete structures 
- subjected to different environmental conditions. 
They also came to the conclusion that the final prestress losses 
in simply supported and continuous composite structures were comparable; 
i.e., that the effects of continuity on prestress losses are not of great 
importance and in most cases they can be safely neglected. 
In this investigation, the method of analysis chosen is the 
4 
revised rate of creep method. Prestress losses are calculated for simply 
supported beams. 
2.2 Revised Rate of Creep Method 
The revised rate of creep method is essentially a small modification 
of the rate of creep method, made by Mossiossian and Gamble (17), which tries 
to eli~inate part of the errors inherent in the rate of creep method. 
Some of the deficiencies of the rate of creep method come from the 
fact that the method assumes that the concrete at a given stress will creep 
at the same rate, regardless of previous increases or reductions of stress, 
i.e., that the rate of creep is independent of the stress history of the 
member. In addition, the method cannot predict creep recovery after com-
plete removal of stress. The result of these problems is that the rate 
of creep method overestimates creep strains under decreasing concrete 
stress and underestimates creep strains under increasing concrete stress 
conditions. 
The difference between the rate of creep and revised rate of 
creep methods comes in the analysis of a prestressed concrete structure 
at the time of casting of the deck concrete, a time at which substantial 
-- -
changes occur in the concrete stresses over the depth of the cross section 
of the member, throughout the length of the girder. Part of the theoreti-
cal deficiencies involved in the use of the rate of creep method are dimin-
ished if a new beam unit creep versus time relationship is used, specifically 
for beam concrete loaded at the time of casting of the deck, for the estima-
tion of the creep strains in the precast girder due to the deck dead load. 
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The revised rate of creep method, like the rate of creep method, 
makes use of known relationships for the time-dependent shrinkage and creep 
strains under constant stress for predicting strains and curvatures under 
variable stress. The method as applied to prestressed concrete beams also 
takes into account changes in stress due to relaxation of the prestressing 
steel. 
In this study, the revised rate of creep method is treated as a 
step by step numerical procedure which converts these known relationships 
into steps functions having constants values over short time intervals. 
During each time interval, a numerical integration is carried out taking 
into account all factors having an influence on the long-time deformations 
and on the prestress losses. Decause the rate of creep and shrinkage of 
the concrete and relaxation of the steel are greatest during the early ages, 
time intervals should be taken smaller at early ages and bigger at later 
ages. Also, if major changes occur in the concrete stresses at certain 
time, time intervals should be taken smaller immediately after that time 
in order to better observe the effects of the stress changes. 
The computer program used in the analysis of prestress losses 
is basically the one developed by Mossiossian and Gamble (17). However, 
-it was neceSsary to make some changes because the program contained an 
error in the method of taking into account the elastic recovery of the 
concrete, with the result that equilibrium between tension in the steel and 
compression in the concrete did not quite exist, particularly after casting 
of the deck concrete. In addition, the changes in stress due to relaxation 
of the prestressing steel were taking into account in the updated program. 
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The numerical integration, starting at the time of pulling of the 
strands up to the time just before casting of the deck, can be carried out 
in the following steps: 
1. Compute the prestress losses due to relaxation of the steel 
taking place between the time of pulling of the strands and 
the time their force is transferred to the concrete. 
2. Compute the prestress losses taking place immediately after 
transfer of prestress due to the elastic shortening of the 
concrete at the level of the steel. 
3. Compute total stresses and strains in the concrete immediately 
after release of prestress, including those due to dead load 
forces. 
For the first and each later time interval: 
4. Compute incremental creep and shrinkage strains at the level 
of the steel due to stresses caused by prestressing force 
and girder dead load, assuming constant stress during each 
time interval. 
5. Crnnpute prestress losses due to creep and shrinkage of the 
concrete as the product of the change of concrete strain at 
the level of the steel foun~ in step 4 times the modulus of 
elasticity of the steel. 
G. Compute prestress losses due to relaxation of the steel, 
assuming constant strain during each time interval. 
7. Compute the total change in prestress losses by adding the pre-
stress losses due to creep and shrinkage of the concrete found 
in step 5 to the prestress losses due to relaxation of the steel 
found in step 6. 
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8. Compute the elastic change of concrete stress by considering 
the total change of prestress losses found in step 7 as a 
load equal to the stress found in step 7 multiplied by the steel 
area applied at the center of gravity of the steel. 
9. Compute the elastic change in strain by"dividing the elastic 
change of stress found in step 3 by the modulus of elasticity 
of the concrete. This change is often termed elastic recovery_ 
10. Compute the net change in strain by subtracting the elastic 
change in strain found in step 9 from the incremental creep 
and shrinkage strains found in step 4. 
11. Compute the total strains at the end of time interval by 
adding, with due regard for signs, the net change in strains 
found in step 10 to the total strains corresponding to the 
beginning of time ihterval. 
12. CorTlpute the total stresses at the end of time interval by 
subtracting the elastic change of stress found in step 8 
from the total stresses existing at the beginning of time 
interval. 
13. Consider next time interval and proceed as before, beginning 
from step 4. 
When casting of the deck concrete takes place, major changes in 
concrete stresses occur. Deformations and prestress changes due to deck 
dead load and due to concrete stress changes due to creep, shrinkage, differ-
ential shrinkage, differential creep, differential curvature, and relaxation 
of the steel which take rlace after casting of the deck are computed by using 
8 
a new unit curve for beam concrete loaded at the time of casting of the deck. 
Additional deformations and prestress changes due to the prestressing force 
existing immediately before casting of the deck and due to girder dead load 
are still calculated by considering the original unit creep curve for beam 
concrete loaded at the time of transfer of prestress. 
The numerical integration after casting of the deck concrete is 
carried out in a way similar to that before casting, but the effects of 
composite action are also considered. The shearing forces and fIloments at 
the interface of the slab and girder concrete due to differential shrinkage, 
differential creep, and differential curvature between the slab and girder 
concrete, in addition to the direct effects of ~reep and shrinkage of the 
girder concrete and steel relaxation, all affect deformations and stresses 
in the precast bea~. 
The numerical procedure continues as follows: 
14. Compute the elastic prestress loss (or gain) occurring due 
to casting of the deck. 
15. Compute total stresses, total strains, and change in elastic 
strains immediately after casting of the deck. 
For the first time interval after casting of the deck and each 
later interval: 
16. Compute incremental creep and shrinkage strains of the slab 
and beam concretes due to prestressing force, girder dead 
load, and deck dead load. For the later time intervals, the 
stresses caused by differential creep and shrinkage are also 
included. 
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17. Compute differential shrinkage strains between the bottom of 
the slab concrete and top of beam concrete. 
18. Compute stresses in the beam and slab due to differential 
shrinkage strain. (Restore compatibility.) 
19. Compute change in steel stresses due to differential shrinkage 
strain. 
20. Adjust concrete stresses due to change in steel stress found 
in step 19. The change in steel force is applied to the com-
posite section. 
21. Compute change in elastic strain due to differential shrinkage 
strain by dividing the adjusted concrete stress found in step 
20 by the modulus of elasticity of the concrete. 
22. Compute the differential creep strain and differential creep 
curvature between the top of the beam concrete and bottom of 
the slab concrete. 
23. Compute changes in concrete stresses due to differential creep 
strain and differential creep curvature found in step 22. 
(Restore compatibility.) 
24. Compute change in steel stress due to differential creep 
strain and differential cree~ curvature found in step 22. 
25. Compute the prestress losses due to relaxation of the 
steel. 
26. Adjust concrete stresses due to change in steel stress found 
in steps 24 and 25. The changes in steel stress are applied 
to the composite section. 
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27. Compute the change in elastic strains due to differential 
creep strain, differential creep curvature and relaxation of 
the steel by dividing the adjusted concrete stresses found in 
step 26 by the modulus of elasticity of the concrete. 
28. Compute the total change in prestress loss due to creep and 
shrinkage of the concrete, differential shrinkage strain, 
differential creep strain, differential creep curvature, 
and relaxation of the steel. 
29. Compute the total concrete stresses at the end of time interval 
by subtracting the changes in concrete stresses found in steps 
20 and 26 from the total concrete stresses existing at the 
beginning of time interval. 
30. Compute the total strains at the end of time interval by adding 
the changes in strains found in steps 16, 21 and 27 to the total 
strains existing at the beginning of time interval. 
31 . Consider next time interval and proceed as before, beginning 
from step 16. 
Once the strains and curvatures have been found, deflections and 
slopes of the beam are easily found. 
2.3 Prediction of Creep and Shrinkage Values According to 
European Concrete Committee (C.E.8.) Recommendations 
In all methods of analysis for the prediction of long-time deforma-
tions, stresses, strains and prestress losses, it is assumed that the unit 
creep strain, shrinkage strain, and relaxation of the steel versus time re-
lationships are known. 
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Mossiossian and Gamble (17) studied the behavior of the Douglas 
County Bridge beam and deck concrete specimens stored under different en-
vironmental conditions. Some of the concrete specimens were stored in a 
humidity control room where the relative humidity (R.H.) and temperature 
were maintained at 50 percent and 70°F, respectively. The rest of the con-
crete specimens were left with the beams and consequently were subjected to 
the same environmental conditions as the precast beams. Comparisons were 
made between the creep and shrinkage values recorded in the lab and in the 
field and the creep and shrinkage values predicted making use of the C.E.B. 
recommendations. The authors concluded that a fair estimate of final creep 
and shrinkage values can be made by making use of the C.E.B. recommendations. 
For field specimens, the higher and lower bounds of the expected creep values 
can be obtained by using lower and higher monthly average values of the rela-
tive humidity and maximum and minimum annual values of the temperature in 
the field. The expected final shrinkage values can be obtained by assuming 
the specimens are stored at a constant relative humidity equal to the aver-
age annual relative humidity in the field. 
In this investigation, prediction of the unit creep and shrinkage 
strains versus time relationships are based on the 1970 C.E.B. recommenda-
-tions (8). -The notation used here is that ~f the C.E.B. 
According to the C.E.B. recommendations, Section R 12.31, creep 
of concrete under service loads is predicted in terms of a set of factors de-
pending on the relative humidity of storage, composition of the concrete mix, 
age of the concrete at the time of loading, size and shape of the cross sec-
tion of the member, and time after loading. 
or 
where: 
where: 
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Creep of the concrete is estimated as: 
E (t) 
a
co 
¢t = -E-cr 
co 
(2. 1 ) 
E (t) = E ¢t cr co (2.2) 
E = secant modulus of the concrete at the age of 28 days, 
co 
a = constant stress the concrete is subjected to, 
co 
initial elastic strain of the concrete, equal to 
, and 
¢t = creep coefficient expressed as a function of five factors 
as follows: 
= 
K = creep factor as a function of the relative humidity of 
c 
storage at a temperature of 20°C (see Fig. 2.1), 
Kd = creep factor as a function of the age of the concrete 
at the time of loading at 20°C (see Fig. 2.2), 
Kb = creep factor as a function of the composition of the 
concrete mix (see Fig. 2.3), 
K = creep factor as a function of th~ theoretical thickness of 
e 
the cross section of the member, d (see Fig. 2.4), and 
m 
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Kt = time-strain relationship depending on the theoretical 
thickness of the cross section of the member (see Fig. 
2.5) . 
If the hardening of the concrete prior to loading takes place at 
a temperature other than 20°C, the equivalent age of concrete at time of 
loading should be changed by the corresponding degree of hardening as follows: 
where: 
o = degree of hardening of the concrete at the moment of loading, 
an equivalent age in days, 
6t = number of days during which hardening has taken place at 
o is plotted along the lower edge of Fig. 2.2. 
The effect of size and shape of the member on the creep and shrinkage 
of the concrete has been considered in terms of a theoretical thickness of the 
cross section of the member, d , which is computed as follows: 
m 
Area of cross section 
1 (Perimeter exposed to the atmosphere) 2 
The theoretical thickness is twice the volume-surface ratio used 
by Hansen and Mattock (12) and others. 
In a similar way, the C.E.B. made recommendations for the estimation 
of the shrinkage strains occurring in the concrete under constant environmental 
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conditions (Section R 12.32). Shrinkage deformations are expressed as a 
function of five factors as follows: 
where: 
= 
€ = shrinkage factor as a function of the relative humidity 
c 
at 20° C (see Fig. 2.6), 
Kb shrinkage factor as a function of the composition of the 
concrete mix. Same as Kb creep factor (see Fig. 2.3), 
Ke shrinkage factor as a function of the theoretical thickness 
of the cross section of the member, d (see Fig. 2.7), 
m 
K = shrinkage factor as a function of the geometric percentage p 
(p) of longitudinal reinforcement (Ast ) with respect to 
the cross sectional area of the member (A ) 
c 
A 
p = 100 ~ , and Ac 
K = 100 p 100 + np 
n 20 with,regard to the effects of creep, 
Kt time-strain relationship, taken to be the same as Kt , the 
creep factor (see Fig. 2.5). 
2.4 Stress Relaxation in Prestressing Steel 
Relaxation is defined as the time-dependent loss of stress in a 
tendon held at a constant strain. In general, stress relaxation is affected 
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by the following factors: Ratio of initial stress to yield stress, type of 
prestressing strand, time, and temperature. Even though most prestressing 
steel is in service under conditions of continuously decreasing strain, the 
conditions of the prestressing steel are nearly comparable to those under 
constant strain since the changes in strain are small compared to the initial 
strain. 
In this investigation, relaxation losses for stress-relieved strands 
are estimated by making use of the equation developed by Hagura, Sozen and 
Siess (15). The equation was derived from tests conducted under constant 
strain conditions. This equation has attempted to express relaxation losses 
in a mathematical form including both time and initial stress level as vari-
ables and assuming a relatively constant temperature of about 70°F. The 
equation has the following form: 
where: 
f = f. [1 
s s 1 
f = stress at time t, 
s 
0.55) ] 
f . initial stress immediately after stressing, 
S1 
f steel stress at an off-set strain of 0.001, y 
t time in hours after stressing, and 
log t = base 10 logarithm of time. 
(2.3) 
The decay is exponential with time and the greatest losses occur 
soon after stressing. If the initial steel stress is less than 0.55 fy' 
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relaxation losses would be expected to be very small and for practical pur-
poses they can be safely neglected. 
Relaxation may not remain an important source of loss of prestress, 
as the steel industry is presently manufacturing a new kind of prestressing 
strand exhibiting relaxation losses significantly lower than those obtained 
~ using Magura's equation. The strand manufacturers claim that the stress-
time curve for this new type of strand is (19): 
f = f. [1 
S S1 
log t (fSi 
45 fy 0.55) ] (2.4) 
During the lifetime of the structure, reduction of prestressing 
force is continuously taking place. Sometimes such stress reductions occur 
instantaneously, such as is the case when transfer of prestress takes place. 
There is an instantaneous increase in steel stress at the time of placement 
of the deck concrete. These stress changes must be taken into account for 
a better estimation of the long-time relaxation losses. Figure 2.8 illustrates 
a way of doing this. In this figure, the upper curve represents the stress-
time curve for a steel stressed at an initial stress of 189 ksi and maintained 
at constant strain thereafter; whereas, the lower stress-time curve has been 
obtained for the same steel but stressed at a lower initial stress of 175 ksi. 
Suppose now that at the time of 48 hours a steel stress reduction of about 
11.5 ksi occurs in the steel initially stressed at 189 ksi. This stress re-
duction makes the stress-time curve fall from the upper curve to the lower 
curve, i.e., before time of 48 hours the stress-time curve is expected to 
follow the upper curve and after 48 hours is expected to follow the lower 
curve. In other words, if a steel stress reduction takes place at the 
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beginning of some time interval I, in order to find the relaxation losses 
taking place during that time interval, one should first find a hypothetical 
initial stress at time t = 0 by using the steel stress at the beginning of 
time interval I and then find the relaxation losses, occurring during that 
time interval, by using as the initial stress the hypothetical initial stress 
just found. 
A second method for predicting relaxation losses after some strain 
changes have taken place is suggested by Glodowski and Lorenzetti (11). Ac-
cording to the authors, relaxation losses after stress changes are computed 
on the basis of an effective initial stress, which is defined as the algebraic 
sum of the initial applied stress and any later changes due to factors other 
than relaxation, and an equivalent starting time on the new relaxation curve 
defined by the previous relaxation loss. 
Up to date there have not been enough experimental tests on this 
problem to allow one to choose one of the methods as being most accurate. 
However, when comparing both prediction methods, the differences between 
them is very small. In this investigation, the first method was chosen as 
the method for predicting relaxation losses under stress changes. 
2.5 Basic Assumptions 
The basic assumptions for the analysis used in this investigation 
are as follows: 
1. Creep strains are proportional to stress (this is true as long 
I 
as the concrete stress is no more than about 0.4 f ). 
c 
2. Strains are linearly distributed over the depth of the cross 
section of the member. 
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3. Concrete has a linear stress-strain relationship under short-
time loading at the stress levels of interest. 
4. Steel has a linear stress-strain relationship under short-
time loading. 
5. Shrinkage strains are distributed uniformly over the depth 
of the cross section of the member. 
6. The modulus of elasticity of the concrete versus time relation-
ships is known and can be considered as step function. 
7. The unit creep strain versus time relationship for constant 
stress, for the beam concrete loaded at the time of releasing 
of prestress, is known and can be considered as step function. 
8. The unit creep strain versus time relationship for constant 
stress, for the beam concrete loaded at the time of casting 
of the deck concrete, is known and can be considered as step 
function. 
9. The unit creep strain versus time relationship for constant 
stress, for the deck concrete loaded 7 days after casting of 
the deck, is known and can be considered as step function. 
The final answers are not very sensitive to the age of loading 
of deck concrete (17). 
10. The shrinkage strain versus time relationships, for the beam 
concrete since release of prestress and for the deck concrete 
since ending of curing and removal of the deck formwork, are 
known and can be considered as step functions. 
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11. The relaxation versus time relationship for the prestressing 
steel is known and can be considered as step function. 
12. Strain in steel is constant during each time interval. 
13. Stress in concrete is constant during each time interval. 
14. The effects of nontensioned reinforcement on creep and shrinkage 
of the deck and the beam concrete are neglected. 
15. Sequence of stressing, casting and curing of the beam concrete, 
casting and curing of the deck concrete, and concrete stresses 
due to prestressing are known. 
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3. PRESENTATION AND DISCUSSION OF FACTORS 
AFFECTING PRESTRESS LOSSES 
3.1 Introduction 
Prestress losses occurring in composite and noncomposite prestressed 
concrete structures are affected by many factors in a variety of ways. Creep 
and shrinkage of the concrete have long been known to be the main contributors 
of the time-dependent prestress losses, even though relaxation of the pre-
stressing steel also influences the magnitude of the prestress losses. 
Losses begin as soon as the prestressing strands are anchored in 
the prestressing bed. During the short period of time elapsing between the 
pulling of the strands and the transferring of their force to the concrete, the 
only source of prestress losses is stress relaxation of the strands. In fact, 
a large portion of the prestress losses due to relaxation of the steel occurs 
before release of prestress. 
IrMlediately after release of prestress, instantaneous prestress 
losses take place due to the elastic shortening of the concrete at the level 
of the center of gravity of the strands. The amount of these elastic losses 
will depend mainly on the magnitude of the concrete stress at the level of 
the steel at the time of release and the modular ratio, E IE .. From then on, 
_ s Cl 
prestress losses are affected by the creep and shrinkage of the concrete and 
relaxation of the steel, with these phenomena occurring simultaneously and 
affecting each other continuously throughout the life of the structure. 
Even though the main parameters influencing prestress losses are 
creep and shrinkage of the concrete and relaxation of the steel, there are 
also certain important construction and environmental factors which one should 
always keep in mind because they will determine, to a greater or lesser degree, 
the magnitudes and rates of the creep and shrinkage of the concrete and 
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relaxation of the steel; consequently, they will influence the complete behavior 
of the prestressed concrete structure and the magnitude of the prestress losses. 
, Environmental factors such as humidity and temperature have been 
shown to have profound influence on the magnitude and rate of creep and shrink-
age of the concrete. At constant temperature, creep and shrinkage of the con-
crete increase with a decrease in the humidity of the environment. 
Construction factors influencing greatly the magnitude of the creep 
and shrinkage of the concrete are the type and duration of cur;'ng of the con-
crete, age of concrete at time of transferring the prestressing force to the 
concrete, and age of the girders at the time of casting of the deck concrete. 
The conditions and sequence of construction of the bridge structure will de-
termine the importance of these factors. 
In order to get a better understanding of the general behavior of 
a prestressed concrete girder, it is therefore essential to know how each of 
these factors contribute to the magnitude of the prestress losses. 
Since it has been found that the time of releasing of prestress, 
age of the girders at the time of casting of the deck concrete, deck dead 
load stresses, initial level of stress in the concrete, type of prestressing 
strands, and effects of varying environmental conditions can play important 
Toles on the time-dependent prestress losses, these effects will be studied 
and discussed in this chapter. Hhen "final" loss figures are quoted, these 
are for 2000 days after release. At this age, any subsequent changes will 
be very small and unimportant. 
For purpose of analysis, it will be assumed that the principle of 
superposition is valid and the single effects can be treated individually. 
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This is a realistic approach as long as all time-dependent variables are in-
cluded, with one at a time being treated as a variable. Superposition is 
not valid if, for example, creep and shrinkage are taken as zero and the vari-
ations in relaxation studied as an isolated phenomenon. 
3.2 Effect of Time of Releasing of Prestress 
In prestressed concrete construction, the manufacturing schedule 
of precast prestressed girders varies from one prestressing plant to another. 
Usually, the prestressing beds are set up in a way that makes it possible to 
cast two or more girders during one cycle of casting. After placement of the 
girder concrete, the girders are cured in a suitable environment during the 
early stages of concrete hardening, for a certain period of time prior to 
the release of the prestressing force. Steam cured and moist cured concrete 
are both conventionally used in the curing of precast elements. From the 
point of view of the manufacturer, it is desirable to release the pretensioning 
force as soon as possible after the concrete is cast, so that the girders can 
be removed and the prestressing beds reused again. Thus, for reasons of 
economical use of forms as well as prestressing beds, most of the prestressing 
plants have adopted the technique of using the steam curing because of the 
- rapid development of the strength of the c~ncrete, making it possible to re-
lease the prestressing force within 16 to 36 hours after casting. Also, 
beneficial reductions in the magnitudes of the creep and shrinkage of the con-
crete have been attributed to the use of steam curing, under both a controlled 
environment and the alternating temperature and humidity conditions in the 
field (17,18). These creep and shrinkage strain reductions will be directly 
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reflected in lower prestress losses, a fact which is important in the design 
of prestressed concrete girders. Daily turnover of the stressing beds is 
also obtained by taking advantage of a pretensioned and post-tensioned technique, 
i.e., transfer of prestress could be done at a lower release concrete strength 
and post-tension applied when concrete matures to full strength, obtaining in 
this way higher transfer stresses (7). 
Depending on the type of curing of the concrete, construction 
schedules and specifications, release of the prestressing strands usually takes 
place in about one to two days when the girders are steam cured and about 2 
to 4 days when they are moist cured. This is the general practice for bridge 
girders. It may be found that building members are often released at earlier 
ages because lower prestress levels are often used and consequently lower re-
lease strengths may be adequate. 
In order to have a better understanding of the effects of 'time of 
transfer of prestress on the time-dependent prestress losses, four differ-
ent tillles of release of prestress have been considered in the analysis of a 
simply supported prestressed composite girder. For that purpose, an AASHO-
Type III girder has been chosen for the analysis. Casting of the deck con-
crete has been assumed to be taken place at 90 days after transfer of pre-
-stress, creep· and shrinkage values for the neam and deck concrete have been 
obtained by making use of the C.E.B. recommendations for 80 percent relative , 
humidity and 70°F temperature, and the compressive strength for the beam and 
deck concrete have been taken as 5000 and 3000 psi respectively. Young's 
modulus of the beam concrete has been assumed constant and equal to 5.05 x 106 
psi from the time of release of prestress up to the time of c~sting of the 
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deck concrete and to be 5.55 x 106 psi thereafter, and Young1s modulus of 
the deck concrete has been assumed constant and equal to 3.93 x 106 psi. 
The results of the analysis for the time of release of prestress 
at 1, 2-1/2,4 and 7 days are shown in Figs. 1.1 to 3.3. Figure 3.1 was 
obtained by using 22-1/211 Grade 270 K stress-relieved strands initially stressed 
at 189 ksi, while Figs. 3.2 and 3.3 were obtained by using 20-1/211 low-relaxa-
tion strands, Fig. 3.2 corresponding to an initial prestress level of 205 ksi 
and Fig. 3.3 to 189 ksi. In all cases, girders were spaced at 8 ft centers, 
and the thickness of the normal weight deck concrete was 8 in. 
One of the main parameters involved in these cases is creep of the 
prestressed girders. It is well known that creep varies somewhat with the 
age of the concrete at the time of loading (18,23). Under the same level of 
prestress, concrete members loaded at early ages undergo more creep than those 
loaded at later ages. According to the C.E.B. recommendations, the ratios of 
the unit creep of a concrete loaded at 1,2-1/2,4 and 7 days, with respect 
to the unit creep of concrete loaded at 28 days, are 1.8,1.64, 1.53 and 1.4 
respectively. The more creep of the concrete, the larger the decrease in the 
prestressing force; therefore, one could expect higher prestress losses for 
earlier release of prestress. 
-In addition, the concrete stresses across the depth of the beam at 
the time of release of prestress are higher for earlier release times, as-
suming the same initial prestressing force for all four cases and the same 
value for Young1s modulus. The prestressing force corresponding to earlier 
release is higher because of the smaller stress relaxation before release. 
For the particular case of the bridge structure prestressed using 
stress-relieved strands, the ratio, in percent, of the level of prestress 
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at the time of release of prestress with respect to the initial level of pre-
stress for the four different times of release of 1, 2-1/2, 4 and 7 days are 
95.99, 94.84, 94.25 and 93.25 percent, respectively. When low-relaxation 
strands are used as prestressing reinforcement, and initially prestressed to 
a level of 205 ksi, the ratios are 99.10, 98.84, 98.71, and 98.55 percent, 
respectively; higher ratios are obtained for an initial prestress level of 
189 ksi. Here, the difference in concrete stresses at the time of transfer 
of prestres~ between releasing at 7 days and releasing at 1 day is not as 
great as when stress-relieved strands are used. 
Time of releasing of prestress obviously makes some difference in 
the time-dependent prestress losses. Figure 3.1 illustrates its effect on 
the total time-dependent prestress losses. It can be observed that the earlier 
the release, the higher the total prestress losses. Releasing the prest~e~sing 
force at 1 day gave prestress losses, after 2000 days, of 25.2 percent and 
releasing at 7 days gave prestress losses of 23.3 percent, i.e., releasing 
at 1 day gave total prestress losses about 2 percent, or 3 to 4 ksi, higher 
than those obtained by releasing at 7 'days. Intermediate results were ob-
tained by releasing at 2-1/2 and 4 days. It can be observed that during the 
first couple of months after release of prestress the total prestress losses 
-are 1 arger for 1 ater re 1 ease, but by the time of casti ng of the deck concrete 
the total prestress losses are larger for earlier release, a trend which con-
tinues thereafter throughout the lifetime of the bridge structure. Also, 
after about 2 or 3 years after release of prestress, the differences in pre-
stress losses for two different times of release seems to remain constant. 
Figure 3.1 also shows the effect on the relaxation losses. Here, the earlier 
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the release takes place, the lower the relaxation losses. Releasing at 7 
days gave final relaxation losses about one percent (of the initial stress) 
higher than those obtained by releasing at 1 day. 
Similar results are obtained by using low-relaxation strands, even 
though in this case the effect of stress relaxation of the steel is not as 
important and the main parameter involved is essentially just creep of the 
concrete. It can be seen from Fig. 3.2 that releasing at 1 day gave total 
prestress losses about 2-1/2 percent (4 to 5 ksi) higher than those obtained 
by releasing at 7 days. During the first month after release of prestress, 
the total prestress losses are larger for later release but by the time of 
casting of the deck, the total prestress losses are larger for earlier re-
lease. Also, after 2 or 3 years, the difference in total prestress losses 
between two different times of release is constant. Figure 3.2 also shows 
the effect on the total relaxation loss, and it can be observed that the 
earlier the release, the lower the relaxation losses, though the differences 
are insignificant. Similar trends are observed for the case of low-relaxation 
strands initially stressed to a level of 189 ksi, as can. be seen in Fig. 3.3. 
3.3 Effect of Age of Precast Girders at the Time of Casting of 
the Deck Concrete 
-
The sequence of construction of a prestressed composite bridge 
structure beginning from the time of manufacturing of the precast prestressed 
concrete girders up to the time of casting of the deck concrete varies from 
one job to another. Usually, the girders, after being cast and cured, are 
moved to a storage area located in the same prestressing plant and left there 
until they are shipped to the bridge site. Casting of the deck may occur as 
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early as 28 days after casting of the girders, according to the usual specifi-
cations, but for one reason or another it might be done at 2 or 3 months or 
even be delayed more. Therefore, at the time of casting of the deck concrete, 
the precast girders might be very young or quite old. 
Creep of the precast girders plays an important part in the behavior 
of th~ bridge structure. Concrete loaded at an early age yields larger creep 
strains for a given time under sustained load compared to the same concrete 
loaded at later age. 
In a composite bridge structure, in addition to the continuously 
decreasing concrete stresses at the level of the prestressing steel due to 
time-dependent effects, there is a large decrease in stress when casting of 
the deck concrete takes place due to moments caused by the deck dead load. 
These stress reductions have a large influence on the continued creep of the 
concrete. This can be best illustrated by examining the creep curves of 
Fig. 3.4 for concrete specimens subjected to several variable and constant 
stress states. These curves have been obtained by using the revised rate 
of creep method (17) which states that when substantial stress reductions 
occur in a concrete specimen at any time t l , the resulting creep recovery 
accompanying the reduction in stress will be the same as the creep a similar 
-specimen subjected to a compressive stress equal to the stress reduction at 
the age t l . That is, a new unit creep versus time curve is used for a con-
crete loaded at the time tl when the stress reductions take place. For this 
special case, when just one stress reduction is considered, same results 
would have been obtained by using McHenry's principle of superposition of 
strains (16), which states that the strains produced in a concrete specimen 
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at any time t by a stress increment applied at any time t are independent 
o 
of the effects of any stress applied either earlier or later than to. It 
is necessary to point out that the creep recovery measured in tests usually 
is not as great as that predicted using McHenry's directly, especially for 
mature concretes. The Young's modulus of the concrete considered in Fig. 3.4 
has been assumed constant and equal to 5.05 x 106 psi up to 90 days and to be 
5.55 x 106 psi thereafter. 
On Fig. 3.4, the upper strain-time curve corresponds to a concrete 
specimen subjected to a sustained stress of 2 ksi and the lower strain-time 
curve corresponds to the same specimen under a sustained stress of 1 ksi. 
Unloading the specimen initially stressed at 2 ksi to a stress level of 1 ksi 
at different times will not bring the lower curve and the new curve together. 
Reducing the stress at an early time would make the difference smaller but it 
would still be significant as long as the stress reduction takes place more 
than even a day after first stressing. 
In order to study the effects of the age of the girders at the time 
of casting of the deck concrete on the time-dependent prestress losses and re-
laxation losses, an AASHO-Type III beam has been analyzed with casting of" the 
deck concrete taking place at various different times. Initial prestressing 
-force and ~ther material properties were assumed to be the same for all cases. 
The results of the analysis with casting of the deck concrete oc-
curring at 28, 56, and 90 days after release of prestress are shown in Fig. 
3.5. The time of casting of the deck makes some difference, with the total 
prestress losses being,smaller for earlier placement of the deck concrete, as 
illustrated in Fig. 3.5. Placement of the deck concrete at any age later than 
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90 days gives total prestress losses only slightly higher than those obtained 
for casting of the deck at 90 days. For practical purposes, one can consider 
90 days as a limiting time beyond which the age at deck casting is no longer 
a meaningful variable. 
It is also obvious from Fig. 3.5 that the prestress losses are 
larger than those computed assuming the deck is always present and smaller 
than those computed ignoring the deck dead load. 
Figure 3.5 also shows the effect of time of casting of the deck 
concrete on the time-dependent relaxation losses .. It can be observed that 
the earlier the placement of the deck concrete, the higher the relaxation 
losses, though the differences between relaxation losses for different times 
of casting of the deck are negligible. 
3.4 Effect of Type of Prestressing Strands 
In the design of prestressed concrete bridge structures it is im-
portant to know, at least approximately, the magnitude of the prestress losses 
that will occur during the lifetime of the structure. 
In addition to creep and shrinkage of the concrete, relaxation of 
the prestressing strands is also an important parameter having an influence 
-on the time~dependent changes in prestressing force which one should take into 
consideration for predicting long-time prestress losses. 
As said before, in this investigation only two types of prestressing 
strands have been considered in the analysis of prestress losses: stress-
relieved strands and low-relaxation strands. Most of the cases considered 
have used 270 K strand. 
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At the present, the most common type of prestressing strand in use 
by the prestressed concrete industry is the stress-relieved strand type. Ac-
cording to Magura, et ale (15), stress relaxation losses for this type of 
strand can be estimated by Eq. 3.1, which tries to take into consideration 
the main factors affecting stress relaxation. The equation has the following 
form: 
where: 
= f. [1 
Sl 
log t (f s i 
10 fy 0.55)J 
f = steel stress at 0.001 offset strain, y 
f. = initial stress immediately after stressing, 
Sl 
t = time in hours after stressing, and 
log t = base 10 logarithm of time. 
(3. 1 ) 
Low-relaxation strands are a new type of prestressing strand exhibit-
ing relaxation losses significantly lower than those obtained by using Magura's 
equation. The steel manufacturers (19) claim that this type of strand has a 
stress relaxation curve of the form: 
= f . [1 
Sl 
log t (f s i _ - 0.55) J 
45 fy (3.2) 
This expression is quite similar to the one proposed by Magura, 
et al., for stress-relieved strands. Both equations are based on the results 
of constant-strain relaxation tests. 
Stress relaxation characteristics for these two types of strands can 
be better seen by plotting Eqs. 3.1 and 3.2 in a semi-logarithmic plot. Both 
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straight line semi-log curves are shown in Fig. 3.6, in which, for purposes 
of comparison, it has been assumed that both strands have been stressed to the 
same stress level of 189 ksi and from then on left free to relax. By about 
500 days after initial stressing, the stress-relieved strand has exhibited a 
stress loss of about 22 ksi, a stress relaxation loss of about 11.5 percent; 
while the low-relaxation strand only a loss of about 4 ksi, i.e., a loss of 
about 2 percent. The advantages of the low-relaxation strands are quite ob-
vious. In addition, low-relaxation strand has a yield stress,.at 1 percent 
strain, of about 90 percent of the ultin~te strength, a fact that makes it 
possible to prestress up to a stress level of about 205 ksi. Stress-relieved 
strands, Grade 270 K, with yield stresses of 85 percent of the ultimate strength, 
are allowed to be prestressed up to a stress level of about 189 ksi. 
The complex interrelationship between creep and shrinkage of the 
concrete and relaxation of the steel in a prestressed concrete structure exists 
for both types of strands, although, for the case of a structure with low-relax-
ation strands, the effects of relaxation are going to be less than those of a 
similar structure prestressed using stress-relieved strands. The total pre-
stress losses are expected to be greater when stress-relieved strands are 
used. 
During the manufacturing of a prestressed concrete girder, the 
strands are first stressed between abutments for a period of time of about 
one to four days before release of prestress takes place. The time period, 
as mentioned before, depends on the type of curing of the concrete and on 
the work schedules of the prestressing plant. This time period is very sig-
nificant in relation to the stress relaxation losses, since approximately 30 
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to 45 percent of the total relaxation losses may be expected to occur during 
this period. For the case of a girder, prestressed at 189 ksi with stress-
relieved strands, the total relaxation losses expected to occur are in the 
order of 8 to 12 percent of the initial stress. The precise magnitude depends 
on many factors including the type of cross section, position of the strands 
with respect to center of gravity of the cross section of the girder, creep 
and shrinkage of the concrete, initial prestressing force, and yield stress 
of the prestressing strands. This means, that if the strands are initially 
stressed to 189 ksi, relaxation losses before release would be in the order of 
8000 to 11,000 psi, making then, the actual prestress level at the time of 
transfer of prestress of about 180 ksi. 
If instead of using stress-relieved strands, low-relaxation strands 
are used as prestressing reinforcement, the total relaxation losses would be 
in the order of 2 to 3 percent of the initial prestressing. If the strands 
are initially stressed up to a stress level of 205 ksi, the relaxation losses 
taking place before release would be of the order of 2000 to 3000 psi, so 
that the actual prestress level at the time of release of prestress 
202 ksi. 
about 
Higher prestress level implies larger creep losses; therefore, creep 
- losses are~xpected to be higher when low-felaxation strands are used. To 
illustrate this, an AASHO-Type III girder has been analyzed using the two types 
of prestressing strands. The prestressing force, 189 ksi, as well as other 
material properties have been assumed the same for both cases. It can be 
observed from Fig. 3.7 that the total prestress losses are greater for the 
case of stress-relieved strands. The difference in total prestress losses is 
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about 6.5 percent. Obviously the main factor involved in these cases is relaxa-
tion of the strands, as can be seen in Fig. 3.7, where relaxation losses for the 
case of low-relaxation strands are about 2 percent, and about 10 percent for 
stress-relieved strands. Creep losses, on the other hand, are smaller for 
the case of stress-relieved strands, as can be seen in Fig. 3.7. Creep losses 
for the case of stress-relieved strands are more than one percent (of the ini-
tial stress) smaller than those obtained for the case of low-relaxation strands. 
In the preceding paragraphs, the behavior of prestressed concrete 
girders were studied for two types of prestressing strands. However, stress-
relieved strands of grades 250K and 270 K are both widely used. According 
to present specifications (3,5,6)5 the maximum allowable prestress level is 
up to 0.70 of the ultimate strength of the prestressing steel, stress levels 
which corresponds to 175 and 189 ksi for the 250 K and 270 K strands respec-
tively. Very often the ultimate strength of those steels are greater than the 
specified ultimate strength (13), and in addition, the initial prestress level 
may be lower than the maximum allowable. 
Time-dependent prestress losses are going to be different for pre-
stressed girders with different initial prestressing forces and strands 
exhibiting different yield stress. The main parameter involved is relaxation 
of the prestressing strands. It is known that relaxation is affected by steel 
yield stress and initial stress. To illustrate this, relaxation losses which 
have been obtained using Magura's equation for strands having different yield 
stresses and the same initial stress of 189 ksi are shown in Fig. 3.8. After 
10,000 hours, relaxation losses for a strand with a yield stress of 265 ksi 
is about 6.5 percent of the initial stress and for a strand with a yield 
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stress of 225 ksi is about 11.5 percent. Intermediate values are obtained 
for strands with yield stresses of 255,245, and 235 ksi. 
In order to understand the influence of these variables on the time-
dependent behavior of a prestressed concrete girder, the same AASHO-Type III 
beam has been analyzed using different steel yield stress values. All other 
material properties have been assumed constant, including the initial pre-
stressing force. Yield stresses of 225, 235, 245, 255, and 265 ksi have been 
considered in the analyses. Figure 3.9 shows the result of such analyses. 
It can be observed that the main influenced of yield stresses is on relaxa-
tion losses and only indirectly and to much less degree on the creep losses. 
The greater the yield stress, the less the total prestress losses, the less 
the relaxation losses, and the greater the creep losses. For the case of the 
girder studied, the net difference in total prestress losses between strands 
having yield stresses of 265 and 225 ksi is about 4 percent of the initial 
stress. If the relaxation loss increases about 5 percent, the creep loss 
decreases about percent. Figure 3.10 shows that, for the range of yield 
stresses studied, creep and relaxation losses are nearly linearly related 
to yield stress. Changes in elastic losses due to changes of yield stresses 
are insignificant and shrinkage losses are independent of stresses. 
3.5 Effect of Initial Stresses in Concrete 
The design of a prestressed concrete girder is usually made having 
as one set of criteria the allowable stresses at the concrete under service 
loads, as well as minimum strength requirements. The concrete stresses imme-
diately after release of prestress are also specified and are very important 
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to the long-time behavior of the girder, because of the dominance of creep in 
the complex interaction of creep, shrinkage,and relaxation as related to the 
prestress loss problem. 
Creep strains are dependent on the distribution of stresses across 
the depth of the beam. A decrease in prestressing force due to creep of the 
concrete at the level of the steel causes changes in the rates of creep all 
across the depth of the cross section of the beam. 
Shrinkage strains have been assumed to be distributed uniformly 
over the depth of the cross section of the beam and to be independent of the 
level of prestress, but the decrease in prestressing force due to shrinkage 
strains also causes a change in the rate of creep of the concrete. 
Relaxation of the steel causes loss of prestress and is directly 
dependent on the actual level of steel stress, which it is strongly dependent 
on the creep and shrinkage of the concrete. 
The effect of magnitude of the prestressing force can be seen by 
examining the curves shown in Fig. 3.11. These curves have been obtained for 
a prestressed concrete cylinder, 6 x 12 in., subjected to three different initial 
prestress values. For these particular illustrative examples only creep of 
the concrete and relaxation of the steel have been considered in the analysis, 
-l.e., this concrete does not shrink. (This-represents the case of piles driven 
in saturated soils.) The following trends can be observed: the greater the 
initial concrete stress level, the greater the total prestress losses but the 
lower the total relaxation losses. 
A better understanding of the effects of the initial prestress level 
on the total prestress losses and relaxation losses of a precast prestressed 
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concrete girder can be attained by observing the results of the analyses of 
a simply supported concrete bridge structure subjected to different initial 
prestress levels as shown in Figs. 3.12 to 3.14. Two types of beam cross 
sections have been considered: AASHO-Type III and Single-Tee cross sections 
(see Appendix A). For both beams, release of prestress and casting of the 
deck concrete have been assumed to be taken place at 2-1/2 and 90 days, 
respectively. 
Figure 3.12 was obtained for an AASHO-Type III beam. The initial 
prestress level was varied by increasing or decreasing the number of strands. 
In this case the number of strands selected were 20, 22, 24, and 26. All 
strands were initially prestressed to 189 ksi. It can be observed that the 
greater the initial prestress level, the greater the total prestress losses 
and the lower the relaxation losses. 
Figure 3.13 was obtained for a Single-Tee beam. Stress-relieved 
strand was selected and 12, 14, or 16 strands were used in the analysis, all 
initially prestressed to 189 ksi. Similar trends were observed for this type 
of section. 
The differences in the trends of loss with time in the period soon 
after casting of the composite concrete which are shown in Figs. 3.12 and 3.13 
- are the result of a number of factors. The deck dead load is much greater, 
relative to the dead load of the precast section, for the I-beam than for the 
T-beam. The centroidal axis position for the precast sections are quite 
different relative to member depth. These two factors appear to combine their 
effects in such a way to make the initial response after placing of the deck 
concrete different even though this operation produces about the same stress 
change in the concrete at the level of the prestressing steel. 
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Figure 3.14 was also obtained for a Single-Tee beam but low-relaxation 
strands were used instead. The 12, 14, and 16 strands selected were initially 
prestressed to 205 ksi. Similar trends were observed, though the relaxation 
losses were small. 
Another way of looking the interrelationship between creep and 
shrinkage of the concrete, relaxation of the steel, and elastic losses at 
release is shown in Figs. 3.15 to 3.17 which were obtained considering dif-
ferent beam cross sections (see Appendix A). These beams were ·subjected to 
different initial prestress values, different times of transfer of prestress, 
and different relative humidities. 
Plotting the prestress losses due to creep and shrinkage of the 
concrete versus the prestress losses due to relaxation of the steel gave the 
straight line relationships shown in Fig. 3.15 from which it is obvious that 
losses due to relaxation of the steel and losses due to creep and shrinkage 
of the concrete are inversely related, i.e., the greater the losses due to 
creep and shrinkage of the concrete, the lower the prestress losses due to 
relaxation and vice versa. Finding that all lines are essentially parallel 
is helpful; it will aid in developing guides for prediction of losses for de-
sign purposes. 
Ftgure 3.16 shows a similar inverse relationship between relaxation 
and the elastic shortening loss accompanying release. Again, all lines are 
essentially parallel in the range shown, although they must converge toward 
some common value when the elastic loss becomes very small. The slopes are 
steeper than in Fig. 3.15 (note the different horizontal scales), as is rea-
sonable since the elastic shortening is an instantaneous event early in the 
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life of the structure while creep and shrinkage shortening occur slowly over 
many years. 
Prestress losses due to creep of the concrete as a function of the 
concrete stress at the level of the center of gravity of the steel at the 
time immediately after release of prestress are plotted in Fig. 3.17. The 
straight line relationships show the direct proportionality between prestress 
losses due to creep and concrete stress at the level of the steel at the time 
of transfer of prestress, i.e., the greater the initial concrete stress at 
the level of the steel at release, the greater the prestress losses due to 
creep of the concrete. For the special case of a girder without deck such 
lines must converge toward the origin, as can be seen for the cases of the 
AASHO-Type III and Single-Tee sections. 
3.6 Effect of Deck Dead Load 
In composite prestressed concrete structures, both the stresses 
during the period following the release of prestress and the change in con-
crete stresses due to placement of the deck concrete influence the creep of 
the concrete. The stresses both before and after placement of the deck con-
crete must be considered for the prediction of prestress losses. 
Jhe effects of stress reduction Lan be seen by observing the creep 
curves of Fig. 3.18, which have been obtained by using the revised rate of 
creep method (or superposition method for this special case) and the creep-
time relationships given in the C.E.B. recommendations. In that figure, the 
upper curve corresponds to a concrete specimen subjected to a constant stress 
of 2 ksi. The lower curves correspond to the similar specimens subjected to 
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the same constant stress of 2 ksi up to the time of 90 days, when various 
stress reductions have taken place. 
In order to get a better insight of the effects of deck weight 
on the time-dependent prestress and relaxation losses, AASHO-Type III and 
Single-Tee beams have been analyzed, considering different deck sections. 
Casting of the deck was assumed to take place at 90 days after release of 
prestress, and all other variables have been assumed the same for all cases. 
Table 3.1 shows the deck sections properties considered in the ·analysis. 
The results of the analysis are shown in Figs. 3.19 and 3.20. It 
can be observed that the prestress losses are smaller for the heaviest deck 
and greater for the case of no deck. The effect of deck dead load on relaxa-
tion losses is insignificant as can be seen in such figures. 
From Figs. 3.19 and 3.20, it is obvious that the concrete stress 
reductions due to the weight of the deck directly influence the creep of the 
concrete, and therefore the prestress losses, in some fairly direct propor-
tion to the concrete stress reduction at the level of the steel. This is 
demonstrated in Fig. 3.21, in which a linear relationship between the con-
crete stress reduction at the level of the steel and the total prestress 
losses is shown for several different prestressed girders. The slopes of 
~he various~~ines are reasonably close to the same values. 
3.7 Effect of Storage Conditions 
Fluctuating temperature and humidity of the surrounding environment 
are known to have significant influences on the magnitudes and rates of creep 
and shrinkage of the concrete; therefore, their effects on the long-time defor-
mations and prestress losses are important. 
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Creep, according to the C.E.B. recommendations, is obtained by 
multiplying the creep strain at a relative humidity of 100 percent by a coef-
ficient which depends on the relative humidity of the surrounding atmosphere 
(see Fig. 2.1). Thus, for example, for a 50 and 80 percent relative humidity, 
the coefficients are 2.85 and 1.92, respectively. These strains are for con-
stant environmental conditions, and not for variable environments such as 
exist outdoors. 
Investigations of the effects of alternating relative humidity on 
the creep of the concrete have shown that if the variations take place slowly, 
creep values tend toward the magnitudes that a similar concrete would have at 
a constant relative humidity equal to the lower limit of the fluctuating humid-
ity. If rapid variations occur, creep values tend to magnitudes that a similar 
concrete would have at a constant relative humidity of magnitude somewhere 
between the higher and lower limits of relative humidity. 
Mossiossian and Gamble (17) came to the conclusion that a fair 
estimate of the creep strains of the concrete can be made by making use of 
the C.E.B. recommendations. For field specimens, higher and lower bounds 
to the expected creep values can be obtained by using the lowest monthly aver-
age and the annual average values of the relative humidity in the field. 
The expected shrinkage values can be obta~ed by assuming the specimens are 
stored at a constant relative humidity equal to the average annual relative 
humidity in the field, realizing that there will be seasonal fluctuations in 
the shrinkage strain. 
In most of this investigation, the study of the time-dependent pre-
stress losses has been made assuming that the prestressed concrete structure 
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is under constant relative humidity and temperature conditions. Different 
values of relative humidity have been considered to give information on the 
influence of this important variable. A few cases using creep and shrinkage 
data obtained in a variable environment are also presented and discussed. 
The results of the analysis of AASHO-Type III beams under constant 
relative humidities of values of 100, 80 and 50 percent are shown in Fig. 
3.22. It can be seen that the lower the relative humidity, the greater the 
total prestress losses and the lower the relaxation losses. The actual loss 
of prestress in a beam located anywhere in the midwest would be expected to 
lie within the bounds established by the 50 and 80 percent relative humidity 
curves. 
In order to examine the effects of alternating humidity and tempera-
ture on the time-dependent prestress losses, the same AASHO-Type III beam has 
been analyzed using the Douglas County (13,17) and the Champaign County creep 
and shrinkage values obtained under both field and laboratory storage con-
ditions. The results have been compared with the prestress loss values ob-
tained by using the 80 and 50 percent relative humidity creep and shrinkage 
curves recommended by the 1970 C.E.B. recommendations. 
The data from field stored cylinders are for 6 by 12 in. specimens 
--subjected to a constant 1,000 psi stress. ihe data from the girder were ob-
tained from strain measurements at the centroid of the precast girder, and 
are for a stress of 1,000 psi. The stress in the girder varied with time, 
but this was taken into account in finding an equivalent curve for constant 
s t re s s (1 7 ) . 
In Figs. 3.23 to 3.28 the Douglas County creep and shrinkage curves, 
for the beam and slab concretes under both field and laboratory storage 
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conditions are shown. Creep and shrinkage curves recommended by the European 
Concrete Committee for 50 and 80 percent relative humidity are also shown. 
In Figs. 3.29 to 3.34 the Champaign County creep and shrinkage curves are 
shown. 
In Figs. 3.35 and 3.36 the computed prestress losses obtained using 
the Douglas County creep and shrinkage values are compared with the C.E.B. 
prestress loss values. It can be observed from Fig. 3.35 that the total pre-
stress losses obtained by using the Douglas County field values lie in between 
the 50 and 80 percent C.E.B. relative humidity curves, with the Douglas County 
values much closer to 50 percent humidity curve. This phenomenon can be ex-
plained by comparing the creep and shrinkage curves of the Douglas County 
field specimens and the C.E.B. values shown in Figs. 3.23 and 3.26. It can 
be seen that the Douglas County field creep values, for concrete specimens 
loaded 2-1/2 days after casting, are comparable with the creep strains of 
the corresponding 50 percent C.E.B. relative humidity curve, although there 
are sometimes large differences between shrinkage strains. Due to variation 
in the humidity and temperature in the field, the Douglas County specimens 
were subjected to shrinkage and swelling as can be seen in Fig. 3.26. Conse-
quently, the main differences in prestress losses between the Douglas County 
-and the C.E-B. values come· from the shrinkage strains and not from differ-
ences in creep strains. 
Figure 3.35 also shows the variation of relaxation losses obtained 
from the Douglas County field stored values and the C.E.B. values. The dif-
ferences in relaxation losses between the two Douglas County bridge values and 
the 50 percent relative humidity C.E.B. values are insignificant, and all are 
slightly smaller than those found using the 80 percent relative humidity C.E.B. 
values. 
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Figure 3.36 shows the computed variation in total prestress and 
relaxation losses obtained using creep and shrinkage values from the Douglas 
County laboratory stored 6 by 12 in. cylinder specimens and the 50 percent 
relative humidity C.E.B. values. It can be seen that the total prestress 
losses are greater for the case of the Douglas County bridge values. This 
can be explained by observing the creep and shrinkage curves shown in Figs. 
3.23, 3.24, 3.26 and 3.27. The creep values are comparable with the 50 per-
cent C.E.B. relative humidity values but major differences are observed in 
the corresponding shrinkage values. The final shrinkage strain (782 days) 
for the lab specimens reached a maximum value of 600 x 10-6 while the corre-
sponding C.E.B. shrinkage strain is 235 x 10-6. Hence, the major differences 
in total prestress losses come from differences in the shrinkage strain values. 
Differences in total relaxation losses are in the order of one percent, as 
can be seen in Fig. 3.36. 
Similar observations are found when comparing the computed losses 
for the Champaign County Bridge values obtained using measured and C.E.B. 
values of creep and shrinkage. The comparisons are shown in Figs. 3.37 and 
3.38. 
3.8 Comparison of Measured and Computed Results 
In order to study the correlations between the results of analyses, 
and the actual behavior of bridge structures under field conditions, analyses 
were carried out for the Jefferson County bridge structure (see Gamble, 1970), 
the Douglas County bridge structure (see Houdeshell, et al., 1972), and the 
* Champaign County bridge structure. In such analyses initial prestressing 
* No report has yet been published, but is expected in a few months. 
44 
force and other material properties were assumed to be the same as in the 
actual structure. For purposes of comparison, different sets of creep and 
shrinkage data were used in the analyses. The 1970 European Concrete Com-
mittee recommendations were used for predicting the creep and shrinkage 
strains of the girder and deck concrete. Values of 80 and 50 percent rela-
tive humidity storage conditions were considered, and also values for the 
combination of 50 percent relative humidity creep strains and 80 percent 
relative humidity shrinkage strains. In addition, the data obtained from the 
creep and shrinkage measurements under field and laboratory storage condi-
tions on the various test specimens which accompanied the bridge girders were 
also used, taking into account the effects of size and shape of the specimens 
(8,12,17). 
3.8.1 Douglas County Bridge Structure 
A description of the bridge structure, its construction, materials, 
and observations of the long-term deformations are presented in detail in 
previous reports (see Houdeshell et al., 1972 and Mossiossian and Gamble, 
1972) . 
Figure 3.39 shows measured and computed total strains at the top, 
-- centroi d ,and bottom gage lines versus time at midspan section for the interior 
test girder BX-3. The creep and shrinkage values of the corresponding girder 
and deck concrete under field storage conditions were used. The modulus of 
elasticity of the strands was taken as 28.2 x 106 psi, as was obtained from 
the strand tests. The measured total prestressing force after all 38-7/16 in. 
Grade 250 K strands were stressed was 695 kips. Variation of Young's modulus 
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of the beam concrete with time, the variation of the beam span length during 
storage time is presented in Mossiossian's thesis. Young's modulus of the 
deck concrete was assumed constant and equal to the average value of the 
Young's modulus obtained from the field stored deck concrete cylinder tests 
(5.0 x 106 psi). 
From Fig. 3.39, it can be seen that computed total strains are in 
good agreement with the measured total strains in the field. Better agreement 
is observed for the bottom and centroid gage lines than for the top line. In 
general, the calculated total strains follow the cyclic variation of the mea-
sured strains, which occur due to the continuous variation of humidity and 
temperature in the field. The differences between the curves may lie in that 
the assumed variation of creep and shrinkage strains of the beam and deck con-
crete under field conditions was probably not exactly the same as the actual 
values of the bridge structure, because of the differences in volume, exposed 
surface, and possibly exposure conditions of test specimens and bridge struc-
ture. The cross sections of the shrinkage specimens were identical to those 
of the bridge structure, but they were not as long or wide. Also, the effects 
of the nontensioned reinforcement on the shrinkage or swelling of the concrete 
was not taken into account, which must affect the time-dependent behavior in 
-some small degree. 
The calculated total strains shown in Fig. 3.40 were obtained by 
using the lower bound of creep and shrinkage values of the corresponding 
girder and deck concrete under laboratory storage conditions, 50 percent rela-
tive humidity and 70°F temperature. The creep and shrinkage strains were based 
on measured values from cylinders, but corrected for size effects using the 
C.E.B. coefficients. Young's modulus of the beam and deck concrete were assumed 
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constant and equal to the average values of Young's modulus (3.40 x 106 and 
4.60 x 106 psi respectively) obtained from the beam and deck concrete cylinder 
tests. All other material properties as well as initial prestressing force 
were assumed to be the same as those of the actual structure. 
From Fig. 3.40, it can be observed that the computed total strains 
are generally in good agreement in the early stages before casting of the 
deck and for later ages they represent an upper bound of the measured total 
strains~ even though they do not follow the cyclic variation of the measured 
values. 
After casting of the deck concrete there are substantial differences 
between calculated and measured strains. During the summer, measured total 
strains in the field were found to increase, whereas during winter they 
decreased. This is not the case in the laboratory, where strains increase 
continuously at a decreasing rate because of the nearly constant atmospheric 
conditions. 
On Fig. 3.41, calculated total strains were obtained using creep 
and shrinkage values according to C.E.B. recommendations for 50 percent rela-
tive humidity and 70°F temperature. Young's modulus of the beam and deck 
concrete were also assumed constant and equal to the recommended value given 
- by the C.f.B. 
All other material properties and initial prestressing force were 
considered to be the same as those of the actual structure. 
Figure 3.41 indicates that the calculated total strains are also 
in good agreement with measured values for times before casting of the deck 
and that they represent an upper bound of the measured total strains at later 
ages. Substantial differences are also observed after casting of the 
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deck because of the effects of changes in the atmospheric conditions in the 
field. 
Figure 3.42 shows the comparison between measured total strains 
and calculated values which were obtained using the C.E.B. recommendations 
for 80 percent relative humidity and 70°F temperature. It can be seen that 
the calculated total strains are not in agreement with measured values at any 
time. However, such values represent a lower bound of the measured total 
strains. 
Actual strains in a beam located in the midwest are expected to 
lie within the bounds established by the 50 and 80 percent relative humidity 
curves. However, up to date, there are certain unknowns related to the pre-
diction of the behavior of concrete structures under conditions of alternating 
humidity and temperature in the field, due to the fact that such variations 
do not affect creep in concrete in the same manner as they influence the 
magnitude of shrinkage. Then, the question arises when trying to estimate 
deformations, stresses, and prestress losses about what would be the most 
appropriate method of prediction of creep relative to the value of shrinkage. 
In order to get an insight of this problem, the Douglas County 
Bridge structure was analyzed for the combination of creep values obtained 
-for 50 perc~nt relative humidity and shrin~ge values for 80 percent relative 
humidity. Figure 3.43 shows the comparison between measured and calculated 
total strains. It can be seen that the calculated values are in much better 
agreement than for the cases of 80 and 50 percent relative humidity treated 
separately. Even though the cyclic variation could not be predicted because 
of the constant environmental conditions assumed in the analysis, the calculated 
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values give an average of the cyclic measured values after casting of the 
deck. 
Loss of Prestress 
The changes in strand force after release of prestress, used for 
purpose of comparison, were qbtained from the creep and shrinkage data of 
the corresponding girder and deck concrete under field conditions. 
Relaxation of the prestressing strands are included in the analysis. 
However, the relaxation losses of 3to 4 percent are very small since the 
yield stress for the strand was very high relative to the applied stress 
level. 
The estimated prestressing loss plotted versus time is shown in 
Fig. 3.44. After 782 days after release, the prestress loss was about 22.7 
percent. The assumed loss was 24.4 percent. As in the case of strains, en-
vironmental conditions in the field caused cyclic variations in prestressing 
force after casting of the deck. 
On the same Fig. 3.44, estimated prestressing force obtained by 
using the lower bound of creep and shrinkage values under laboratory storage 
conditions, C.E.R. creep and shrinkage values for 80 and 50 percent relative 
humidity,- and for the combination of 50 percent relative humidity creep values 
and 80 percent relative humidity shrinkage values are also presented. It can 
be seen that the C.E.B. values for 80 and 50 percent represent a lower and 
upper bound of the time-dependent prestress losses and that the estimated 
values obtained from the combination 50 percent creep-80 percent shrinkage 
represent a good estimate of the cyclic variation of prestressing force. 
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3.8.2 Jefferson County Bridge Structure 
Description of the bridge structure, its construction, materials, 
and observation deformations are presented in a previous report (see Gamble, 
1970). 
The test structure is a four-span bridge, with interior girders of 
72 ft 3 in. long and end girders of 43 ft 8 in. long. 
Mossiossian and Gamble (17) studied the effect of continuity on the 
time-dependent strains and prestress losses. The study indicated that the 
effects of continuity on the strain-time values for centroid and top fibers 
are insignificant, while its effect on bottom fibers is small at early ages 
after casting of the deck and at later ages its effect becomes insignificant. 
For practical purposes, strains of a continuous composite structure can be 
predicted considering the structure as a series of simply supported spans. 
For purposes of comparison, analyses of the Jefferson County bridge 
structure were carried out considering the bridge structure as simply supported. 
The span length was assumed to be the same as the interior span of the actual 
structure. 
Figure 3.45 shows the measured and computed total strains at the 
top, centroid, and bottom gage lines versus time at the midspan section of 
the interior test girder BX-1. The calculated strains were obtained for the 
combination of C.E.B. values for 50 percent R.H. creep and 80 percent R.H. 
shrinkage. It can be seen that the computed values are in good agreement 
with measured values after casting of the deck. Cyclic variation could not 
be predicted but calculated values give a sort of average of the cyclic 
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variation of strains at later times after castinq of the deck. Reliable 
creep and shrinkage data for the concrete used in the girders are not 
available. 
Loss of Prestress 
For the Jefferson County bridge structure, there was no way to 
compare predicted losses based on the C.E.B. recommendations with the pre-
dicted losses based on the creep and shrinkage data of the correspondinq 
~irder and deck concrete specimens under field conditions. The field data 
appears to be reasonable except for the field-stored beam concrete creep 
data. Because of a series of experimental difficulties, its reliability is 
very low. Gamble (10) compared total deformations in the creep specimens 
with the deformations at the centroidal fiber at midspan of beam RX-1 and 
concluded that the creep measurements for the set of specimens were meaningless. 
The variation of the prestress loss with time in Beam RX-1 is shown 
in Fiq. 3.46. Such figures have been obtained for the combination of C.F.B. 
values for 50 pprcent R.H. creep and 80 percent R.H. shrinkage. Relaxation 
of the prestressing strands are included in the analysis although its con-
tribution to the total prestress loss is small because of the low initial 
stress level ratio. 
One thousand days after release of prestress, total computed prestress 
losses nmount to 24.7 percent of the initial prestress, of which relaxation 
10s:2s contributed ,iust 4.7 percent. 
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3.8.3 Champaign County Bridge Structure 
Description of the Test Structure 
The test structure located in Champaign County, Illinois, is a 
three-span bridge with six precast prestressed concrete girders in each span 
and cast-in-place deck concrete which provides continuity over three spans. 
The plan of the bridge is shown in Fig. 3.47. The brid~e is 
oriented in the east-west direction. Support locations for the two test 
girders, BX-5 and BX-6, at different times, are shown in Fig. 3.48. All 
girders were 46 ft 2 in. long and 42 in. deep. 
The elevation of a typical girder and the profile of the 7/16 in. 
prestressing strands are shown in Fig. 3.49. The stirrups and other mild 
steel reinforcement are not shown. An elevation of the structure is shown 
in Fig. 3.50. 
The cross section of the girder is shown in Fig. 3.51. The girders 
were spaced at 8 ft centers, and the composite deck was 8 in. thick. The 
deck was reinforced continuously both top and bottom and in both directions, 
and in conjunction with cast-in-place diaphragms over the piers provided con-
tinuity for live load negative moments. 
1he girders of the test bridge w€re manufactured in Centralia, 
Illinois, during March of 1972 and were placed on the piers during March and 
April of 1972. The deck and diaphragms were cast 3 May 1972. 
The chronology of the bridge construction is presented in Tables 
3.2 and 3.3. 
The prestressed reinforcement was 7/16 in. diameter, 7-wire strand 
/ 
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meeting the requirement of ASTM A-4l6. The specified ultimate strength is 
250 ksi, and the minimum elongation is 3.5 percent in a 24 in. gage length. 
The strand samples were unfortunately lost before samples were 
tested. For purpose of analysis, it was assumed that strands had an average 
failure stress of 250 ksi, an average Young's Modulus of Es = 28,000 ksi, 
and an 0.001 offset strain yield stress of f = 212.5 ksi. y 
The measured total prestressing force in the 24 strands immediately 
after all strands were stressed was 413.6 kips or 158 ksi. The measured 
total prestressing force before transfer was 418.6 kips or 160 ksi. 
The concrete used in the qirders had an average cylinder strength 
in the field of 5630 and 6590 psi at 4 and 32 days after casting, respectively. 
The deck concrete had an average cylinder strength in the field of 
3360 and 4360 psi at 8 and 31 days after casting, respectively. 
Predicted and Measured Total Strains 
The creep and shrinkage specimens accompanying this bridge structure 
under field and laboratory storage conditions were 6 by 12 in. cylinders. In 
addition, deck concrete prisms were cast. 
Mossiossian and Gamble (17) found that creep of concrete in the 
-- girder under field storage conditions canftot be obtained from the corresponding 
cylinder creep values by considering the effect of size and shape of the girder 
section in the same way it is done for laboratory storage conditions (12). 
However, for purposes of some comparison, the creep and shrinkage 
strains under field conditions were obtained by reducing the corresponding 
cylinder values by the average reduced values obtained from C.E.B. (1970) and 
Hansen and Mattock. 
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Figure 3.52 shows the measured and computed total strains at the 
top, centroid, and bottom gage lines versus time at the midspan section of 
the test girder BX-6. Measured values were obtained up to 284 days after 
release of prestress. Calculated strains have been obtained by using the 
reduced cylinder beam and deck concrete creep and shrinkage data under field 
conditions. Good agreement is observed between the curves, especially for 
bottom and top gage line strains. Somehow, the measured centroid strains seems 
to be quite large. So far no reason for this behavior has been found. 
In Fig. 3.53, the predicted total strains have been obtained 
by using the combination of C.E.B. values for 50 percent R.H. creep and 
80 percent R.H. shrinkage. 
Loss of Prestress 
The changes in prestressing force after release of prestress, were 
computed using the reduced creep and shrinkage data of the corresponding 
girder and deck concrete under field conditions. 
The estimated prestress loss is shown in Fig. 3.54. After 458 days 
after release of prestress, the estimated loss was about 18 percent of the 
initial stress. Environmental conditions in the field caused cyclic vari-
--ations in prestressing force. 
Also in Fig. 3.54, the estimated losses computed using the combination 
of 50 percent R.H. creep and 80 percent R.H. shrinkage are shown. It can be 
seen that the C.E.B. values represent a reasonable average of the cyclic 
variation of prestressing force for later times. 
54 
4. FACTORS FOR THE ESTIMATION OF PRESTRESS LOSSES 
4.1 Introduction 
The AASHO 1969 Specifications, Sec. 1.6.8(8), for prestress losses 
in bridge structures considered the prestress losses to be 35,000 psi for 
pretensioned members and 25,000 psi for post-tensioned members. The same 
losses have been used by the 1963 ACI Code (4) and are suggested in the 
Commentary to the 1971 ACI Code (6). 
The AASHO 1970 Interim Specifications, Sec. 1.6.7(8), introduced 
a new set of loss factors to be considered in the estimation of the prestress 
losses in prestressed concrete girders. The Interim Specifications, included 
in the 1973 AASHO Specifications, represented an improvement over the AASHO 
1969 Specifications in that the effects of climate on the shrinkage of the 
concrete are taken into consideration and in addition, the interrelationship 
between creep and shrinkage of the concrete, relaxation of the steel, and 
elastic losses at release are recognized to some extent. According to these 
Interim Specifications, prestress losses are estimated in the following way: 
where: 
~f = SH + ES + CR + CR (4. 1 ) 
s c s 
~fs = total estimated prestress losses in psi, 
SH = prestress losses due to shrinkage of the concrete, 
ES = 
in psi, as a function of the average ambient relative 
humidity for the geographic area (see Table 4.1), 
7 fcr = prestress losses due to elastic shortening of the 
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concrete at the level of the center of gravity of the pre-
stressing steel, immediately after release of prestress, 
where f = concrete stress at the level of the center of 
cr 
gravity of the prestressing steel immediately after trans-
fer of prestress and including the stress due to dead load 
of the girder, 
CRc = 16 fcd = prestress losses due to creep of the concrete where 
fcd = concrete stress at the level of the center of gravity 
of the steel immediately after release of prestress and in-
cluding the stress due to dead load of the girder and deck. 
Both fcr and fcd are stresses averaged along the length of 
the beam. 
20,000 - 0.125 (SH + ES + CR ) prestress losses due to re-
c 
laxation of the prestressing steel. 
Losses calculated using these factors are generally much higher than 
the 35,000 psi lump-sum losses previously included in the AASHO 1969 
Specifications. 
Gamble proposed a new set of loss factors to the AASHO Standard 
Specifications for Highway Bridges, Sec. 1.6.7(B), which are included, with 
modifications, in a later proposal to AASHO (20). The main changes recom-
mended occur in the losses due to creep of the concrete and relaxation of 
the steel. The following set of factors for use in Eq. 4.1 were proposed 
for the estimation of the prestress losses: 
SH = 17,000 - 150 R.H., prestress losses due to shrinkage of 
the concrete where R.H. average annual ambient relative 
humidity, percent (see Table 4.2) 
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E 
ES = ~ f
cir ' prestress losses due to elastic shortening of the 
c 
concrete at the level of the prestressing steel, immediately 
after release of prestress, where f
cir = concrete stress at 
the level of the center of gravity of the prestressing steel 
at the section considered just after release of prestress. 
Stresses due to the dead load of the girder are included. 
Es = Young's modulus of steel 
E = Young's modulus of concrete 
c 
CR = Prestress losses due to creep of the concrete. It was 
c 
originally divided in two categories for emphasis of the 
differences: one for composite and one for noncomposite 
construction. 
For noncomposite construction, the following value was 
recommended: 
CR = 12 f . 
c Clr 
For composite construction, the effect of the deck dead 
load on the creep of the concrete is taken into account. 
The following creep loss value was recommended: 
CRc = 12 f. - 7 f d Clr c s 
where fcds = change in concrete stress at the level of the 
center of gravity of the prestressing steel at the section 
considered due to dead load of the deck concrete and perma-
nent formwork. Since the two equations give the same result 
when there is no additional dead load, only the second is 
included in the 1973 proposal. 
= 
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Prestress losses due to stress relaxation of the prestressing 
steel. 
The following value was recommended for members pretensioned 
with 7-wire stress-relieved strand: 
CR = 20,000 - 0.4 ES 
s 
0.2 (SH + CR ), in psi. 
c 
The current and proposed AASHO loss values must be considered only 
as fairly simple approximations of the trends of an extremely complex inter-
action of the effects of creep and shrinkage of concrete, relaxation of steel 
stress, and changes in the stresses caused by the casting of the deck concrete. 
Factors such as possible influence of humidity, and especially variable humid-
ity, on creep, the effects of member size, and the effects of different aggre-
gates on creep and shrinkage are not included. However, it is only fair to 
point out that the first two problems are not yet completely solved and the 
third is perhaps somewhat self-limiting because the aggregates leading to 
the highest creep and shrinkage values are usually not well suited to making 
the high-strength concretes needed for the quick, economical, reuse of pre-
stressing beds. 
4.2 Proposed Set of Loss Factors 
In this section a set of loss factors are presented, keeping within 
the general format of the AASHO Specifications. The same set of four factors 
are considered, but are given somewhat different values containing more vari-
ables, in order to more completely take into account the pertinent factors 
affecting prestress losses. The following four factors are recommended for 
use in Eq. 4.1. All losses are in psi units. Values are given first for 
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stress relieved strands, and then modified values are given where necessary 
for low-relaxation strands. 
SH = Prestress loss due to shrinkage of the concrete, computed 
as a function of the average annual relative humidity in 
the field and the theoretical thickness of the member 
= F (14,000 2 1.4 R.H. ) 
where, R.H. ~ average annual relative humidity in the field, 
F = 1.25 - 0.025 d , a factor depending on the theoretical 
m 
thickness of the member, d , and 
m 
Area of cross section 
dm = ~Perimeter exposed to the atmosphere) ,cm. 
If d is measured in inches, the factor becomes F = 1.25 -
m 
0.0625 d . 
m 
Values of shrinkage loss for different relative humidities 
and theoretical thicknesses are tabulated in Table 4.3 and 
also are plotted in Fig. 4.1. 
ES = Prestress losses due to the elastic shortening of the concrete 
at the level of the prestressing steel accompanying release of 
prestress. 
A precise value can be found by using the following expression, 
which has been found from compatibility of deformations of the 
concrete and steel at the level of the center of gravity of 
the prestressing strands, assuming perfect bond between con-
crete and steel. 
where: 
p. 
1 
2 A t ne Ast 1 + n _s_ + ---::---
Ac I 
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+ 
-M 
~enA I st 
2 
A t ne Ast 1 + n _s_ + ---=---
Ac I 
(4.3) 
= prestressing force immediately after transfer of prestress, 
p. 
1 
= prestressing force just before transfer of prestress, com-
puted considering relaxation occurring between stressing 
and transfer, 
n = modular ratio, Es/Ec' 
Ast = area of strands, 
A = area of cross section of the beam concrete, c 
e = eccentricity of prestressing strands, 
I = moment of inertia of cross section of the beam concrete, 
and 
MOL = dead load moment of beam concrete. 
The elastic prestress losses immediately after release of prestress 
will then simply be: 
P. P 
ES = 1 0 
Ast 
(4.4) 
An approximate expression for the evaluation of the elastic 
shortening losses is the following: 
E 
ES = ~ f Ec cir (4.4a) 
where: 
where: 
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f. = concrete stress at the level of the center of gravity of 
C1r 
the steel immediately after release of prestress. The 
dead load moment of the girder should also be included 
in the calculation of f 1· , 
C r 
Es = modulus of elasticity of the steel, and 
Ec = modulus of elasticity of the concrete at the time of 
release of prestress. 
CRc = creep losses, which may be divided in two categories, 
one for composite and one for noncomposite construction. 
For noncomposite construction, the following value is 
CR 
c 
recommended: 
K (10 f . ) Clr (4.5) 
K creep factor as function of the relative humidity and time 
of transfer of prestress. It can be expressed as: 
K = KRH • KR (see Fig. 4.2) 
kRH = creep factor as a function of the relative humidity (see 
Fig. 4.3) 
= l.0 0.0225 (R.H. - 80) 
KR = creep factor as a function of the time of releasing of 
prestress (see Fig. 4.4) 
KR = 1.15 - 0.375 log R 
where: 
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R = time from stressing to transfer, days. 
For composite construction, the following creep loss value, 
which converges to the value for noncomposite construction 
as the deck dead load reduces, is recommended: 
CR = K (10f·. - 7 f d ) 
c Clr c s (4.6) 
fcds change in concrete stress at the level of the center of 
gravity of the prestressing steel due to deck dead load 
CR 
s 
and permanent formwork 
= 25,000 - 0.3 ES - 0.15 (SH + CR ) = prestress losses 
c 
due to stress relaxation of the prestressing steel 
More generally, 
where: 
CRs = FRFi [25,000 - 0.3 ES - 0.15 (eR
c 
+ SH)] 
FR = relaxation factor as a function of steel yield stress 
3.7 - 0.012 f y . Iff y = 225 ksi, F R = 1.0. 
= relaxation factor as a function of initial prestressing 
0.011 fsi - 1.08. If fsi = 189 ksi, FI = 1.0. 
For the usual design problem where f is not known and standard y 
stressing procedures are used, both FR and Fr are taken as 1.0. In no case 
should FR or Fr be taken as negative numbers. 
When low-relaxation strands are used as prestressing reinforcement, 
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the total prestress losses are significantly reduced and they can be esti-
mated using the following factors in Eq. 4.1. 
Shrinkage losses and elastic losses are estimated using the same 
expressions as in the case of stress-relieved strands. 
CRc = creep losses are again divided into two categories 
For noncomposite construction, the following value is recommended: 
CR = K (11 f . ) 
c Clr 
K is the same creep factor as for the case of stress-relieved 
strands (see Figs. 4.2 to 4.4). 
where: 
For composite construction, the following value is recommended: 
= 
CRs prestress losses due to stress relaxation of the prestressing 
steel 
CR 
s 
FRL 
FIL 
2 
= FRL FIL [7,000 - 0.10 ES - 0.05 (SH + CRc)] 
= relaxation factor as a function of steel yield stress 
= 3.880 - 0.012 f . If f Y = 240 ksi, FRL = 1.0. y 
= relaxation factor as a function of initial prestressing 
= 0.011 f . 
Sl 
- 1.255. If f . 
Sl = 205 ksi, FIL = 1.0. 
Table 4.4 shows a summary of the set of factors for the estimation 
of prestress losses of composite and noncomposite prestressed concrete struc-
tures according to the 1970 AASHO Interim Specifications, the 1973 AASHO Pro-
posal, and the Proposed Values given in this chapter. 
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4.3 Discussion of the Set of Loss Factors 
In this section, a discussion of the reasons for adopting the 
proposed set of loss factors is presented. 
The prestress losses due to shrinkage of the concrete estimated 
according to both the 1970 AASHO Interim Specifications, Sec. 1.6.7(B) and 
the 1973 AASHO Proposal seem to be in the right ranges for relative humidity, 
and are plotted versus humidity in Fig. 4.5. The values are also in agree-
ment with the values recommended by the European Concrete Committee (C.E.B) 
for a structural member of theoretical thickness of 10 cm (3.94 in.), al-
though most I-section pretensioned girders have theoretical thicknesses of 
about 20 cm (8 in.). 
2 The recommended shrinkage loss value, SH = F(14,OOO - 1.4 R.H. ) 
matches quite closely the shrinkage loss found using the C.E.B. recommenda-
tions, as can be seen in Fig. 4.5. Figure 4.1 shows the shrinkage loss 
curves for different theoretical thickness of the structural member. 
The prestress loss due to creep of the concrete, for the case of 
noncomposite construction, CRc = K(lO f cir )' was based on the study of creep 
loss versus f. curves similar to those shown in Fiq. 3.17, where linear Clr -
relations~jps between creep loss and concrete stress at the level of the 
steel just after release of prestress are given, for different cross section 
girders. The greater the concrete stress, f . , the greater the total creep Clr 
loss. Also, the earlier the release of prestress, the greater the total 
creep loss for two identical structures stressed to the same level of prestress. 
The case of composite construction is more complicated because in 
addition to the continuously decreasing concrete stress at the level of the 
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center of gravity of the prestressing steel, there is also a large decrease 
in concrete stress at that level by the time of the placement of the deck 
concrete. Hence, the stresses both before and after casting of the deck must 
be considered in the estimation of the prestress losses due to creep of the 
concrete. 
The value of the creep loss, for the case of composite construction, 
CR = K(lO f. - 7 f d ), was based on the study of the slopes of curves c C1 r c s 
similar to those shown in Fig. 3.21. 
Plotting the total prestress losses versus the concrete stress 
reduction at the level of the center of gravity of the prestressing steel 
due to placement of the deck concrete gave the straight line relationships 
shown in Fig. 3.21. When the concrete stress reduction is zero, one gets 
the case of noncomposite construction and the creep loss value reduces to 
the value recommended for noncomposite construction, i.e., noncomposite con-
struction is a special case of composite construction. It should be pointed 
out that additional noncomposite dead load would have about the same effect 
on prestress losses, though not on camber (17), and this equation can be 
used satisfactorily for this additional case. 
By studying the effect of time of casting of the deck concrete on 
- the total ~restress losses, it can be seeR that the earlier the placement of 
the deck, the smaller the prestress losses. However, for practical purposes 
one can consider 90 days as a limiting time for casting of the deck, after 
which age is no longer a significant variable. In this study, prestress 
losses were estimated assuming the deck is cast between two and three months 
after the girders were cast. 
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It is on the basis of this background that the above value for 
creep loss for the case of composite construction has been recommended. 
The proposed relaxation loss value was based on the study of the 
slopes of curves similar to those shown in Figs. 3.15 and 3.16. 
Plotting total relaxation losses as a function of the initial 
elastic losses gave the straight line relationships shown in Fig. 3.16. 
It can be observed that the slopes of these lines are approximately 0.6 (total 
relaxation losses/initial elastic losses). However, it should. be pointed 
out that the total relaxation loss values plotted includes the influence of 
the creep and shrinkage of the concrete. 
Comparing total relaxation losses as a function of the total creep 
and shrinkage losses gave the straight line relationships shown in Fig. 3.15. 
Losses due to creep and shrinkage of the concrete occur continuously over an 
extended period of time, and so would be less effective in reducing relaxation 
losses than those due to the elastic shortening of the concrete at the level 
of the steel at the time of release of prestress. This is obvious by ob-
serving that the slopes of these lines are approximately 0.3 (total relaxa-
tion losses/creep and shrinkage losses). As mentioned above, the total re-
laxation loss values plotted in these figures include, besides the effects 
-- of creep a'nd shrinkage of the concrete on 4"elaxation losses, the effects of 
the initial elastic losses on the relaxation losses. 
From the slopes of the lines in Figs. 3.15 and 3.16, it is obvious 
that elastic losses are twice as efficient as the creep and shrinkage losses 
in reducing the relaxation loss. However, these are not the correct slopes 
for a reduction equation involving both losses, and the coefficients of 0.3 
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and 0.15 in the expression CR = 25,000 - 0.3ES - 0.15 (CR + SH) were deter-
s c 
mined by trial and error to give the best fit to the completed data. The 
25,000 psi term is the relaxation expected at 2,000 days in a constant strain 
test, and would not have been much larger for very much greater time intervals. 
The expression is valid only for the case of strands with a f = 225 ksi ini-y 
tially stressed up to 189 ksi. 
In order to present a more general expression that incorporates 
the initial prestress value and the yield stress as important factors affecting 
relaxation losses, the additional relaxation factors FI and FR were included 
in the expression for estimating relaxation losses as follows 
CRs = FR Fi [25,000 - 0.3 ES 0.15 (CR + SH)] c 
These factors were found by studying relaxation losses occurring 
in beams for strands with different yield stresses and initial stresses. 
Curves for different yield stresses are shown in Figs. 3.8 to 3.10, and simi-
lar curves were obtained for different initial stresses. 
Similar studies were made for the case of bridge structures 
prestressed using low-relaxation strands, and it was on the basis of these 
analyses that the proposed set of prestress loss values were recommended. 
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5. COMPARISON OF PROPOSED SET OF FACTORS 
WITH OTHER PREDICTION METHODS 
This chapter contains a comparison of the prestress loss values 
obtained from the theoretical method of analysis used in this investigation, 
the values obtained by using the set of approximate factors proposed in this 
study, the 1970 AASHO Interim Specifications set of factors, and the 1973 
AASHO proposal. 
Comparisons have been made for the various components of prestress 
losses obtained by each one of the methods, even though it is more signifi-
cant to compare only the total prestress losses. 
It is necessary to point out that only the proposed set of factors 
is capable of estimating the components of prestress loss for the case of 
structures prestressed with the new type of strands which exhibit low re-
laxation characteristics. Also, it takes into account different relative 
humidities of the environment, different time of transfer of prestress, and 
different member thicknesses. For the case of low-relaxation strands, com-
parison has been made only with respect to the values obtained from the 
theoretical method of analysis. 
Tabulated values of each of the components of prestress loss as 
-well as total prestress losses are shown iQ Table 5.1 for stress-relieved 
strands and in Table 5.2 for low-relaxation strands. A wide variety of 
example problems has been considered for these comparisons. The variables 
considered include different cross section girders and decks, time of re-
leasing of prestress, time of casting of the deck, initial stresses in con-
crete, relative humidity of the environment, and type of prestressing strands. 
The values are also plotted on Figs. 5.1 to 5.6. 
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Figure 5.1a shows the total theoretical prestress losses plotted 
versus the total approximate prestress losses obtained by using the pro-
posed set of factors. The agreement between the approximate procedure pro-
posed in Chapter 4 and the theoretical values is generally quite good. The 
differences between theoretical and approximate values are rather small, with 
the differences usually falling between the bounds of r of 1.05 and 0.95 
(where r is the ratio of approximate to theoretical values). 
In Fig. 5.lb, the 1973 AASHO proposal prestress loss values have 
been plotted versus the theoretical prestress loss values. It can be ob-
served that the AASHO values generally fall belovl the theoretical values, 
usually between the bounds of r of 0.95 and 0.90, for the 80 percent rela-
tive humidity cases; however, the AASHO values are found to be too high for 
the 100 percent relative humidity cases and too low for the 50 percent rela-
tive' humidity cases, which is to be expected as the creep values were cer-
tainly never intended to cover such a high and low, constant relative humid-
ity conditions, but to cover creep values somewhere in the 50-80 percent 
relative humidity range. 
In Fig. 5.lc, the 1970 AASHO prestress loss values have been 
compared with the theoretical prestress loss values. It can be observed 
- that the lB70 AASHO values fall above the-theoretical values, usually be-
tween the bounds of r of 1.05 and 1.15, for the 80 percent relative humidity 
cases and between the bounds of r of 1.40 and 1.50 for the 100 percent rela-
tive humidity cases. However, good results were obtained for the 50 percent 
relative humidity cases. These results were expected since the value for 
creep loss of CRc = 16 fcd is considerably too high for most conditions. The 
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number 16 implies a creep coefficient of 16/7 = 2.3, which is usually too 
high for a high quality steam cured concrete which is subjected to a contin-
uously decreasing stress. This also explains why good results were obtained 
for the 50 percent relative humidity cases, as the creep values were never 
intended to cover such a low, constant relative humidity condition but rather 
to cover creep values somewhere in the 50 to 80 percent relative humidity 
range. 
Good agreement has also been found when comparing the components 
of prestress losses (creep and relaxation losses) obtained by using the pro-
posed set of factors with the theoretical loss values as can be seen by ob-
serving Figs. 5.2a and 5.3a. 
Great differences have been found when comparing the components 
of prestress losses obtained by using the 1970 and 1973 AASHO Specifications 
with the theoretical loss values as can be seen in Figs. 5.2b, 5.2c, 5.3b 
and 5.3c, in spite of getting rather good results when comparing total 
prestress losses for the case of the 1973 AASHO values. 
Considering the wide variety of examples presented, which included 
a wide range in the main variables known as the main contributors to the 
magnitude of the prestress losses, the proposed set of factors seems to give 
-good results for the prediction of prestre~ losses. 
Comparisons have been made for the case of low-relaxation strands, 
but only between the theoretical values and the ones obtained with the pro-
posed procedure since the other prediction methods do not consider low-
relaxation strands. Good agreement has also been found for the case of low-
relaxation strands, as can be seen in Figs. 5.4 to 5.6. 
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It is necessary to point out that the proposed set of loss factors 
are based on the analysis of bridge structures for a period of 2000 days 
(5.5 years), an age at which the rates of change in prestress losses are 
extremely low. The theoretical values are those found at 2000 days. 
It is necessary to comment on other aspects regarding unknowns 
not taken into account in the comparison. One problem is the determination 
of most appropriate value of relative humidity for creep prediction relative 
to the value for shrinkage. This question comes from the fact that varia-
tions of relative humidity and temperature do not affect creep in concrete 
in the same manner as it influences the magnitude of the shrinkage in con-
crete. Mossiossian and Gamble (17) came to the conclusion that higher and 
lower bounds of the expected creep values can be obtained by using lower and 
higher monthly average values of the relative humidity in the field. Also, 
"final ll shrinkage values can be obtained by using average annual values of 
the relative humidity in the field, although there are significant cyclic 
variations in strain during a year. 
Secondly, the study carried out in this investigation was mainly 
based on creep and shrinkage curves obtained by using the 1970 C.E.B. recom-
mendations. Some questions consequently arise concerning the behavior of a 
- bridge str-ucture subjected to field conditions. A fe\~J cases were analyzed 
using creep and shrinkage data of actual structures, such as the Douglas 
County bridge and Champaign County bridge field data. It was observed that 
for prestressed concrete bridges located in the Midwest, average values of 
measured total strains and prestress losses can be computed by using the 
50 percent relative humidity creep and 80 percent relative humidity shrinkage 
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C.E.B. values. Also, upper and lower bounds of total strains and prestress 
losses are obtained by using the 50 and 80 percent relative humidity creep 
and shrinkage C.E.B. values respectively. 
Finally, the main objective of this study was to get an under-
standing of the time-dependent prestress losses. However, it is felt that 
some additional study is needed in the area concerning time-dependent stresses 
throughout the cross section of a composite girder. Immediately after cast-
ing of the deck, stresses are distributed only on the cross section of the 
girder. With time, some redistribution of stresses is expected in the sec-
tion due to creep and shrinkage of the concretes and relaxation of the steel, 
with the result that the concrete deck is subjected to some small stresses 
and the distribution of stresses over the depth of the cross section of the 
girder may be quite different from that existing at the time of casting. 
One result of this redistribution of stresses is that in some members the 
concrete compression stresses at the bottom of a composite section may remain 
at approximately the value existing when the deck was cast, in spite of 
significant reductions in the reinforcement stress which occur after the 
deck is cast. This information can be computed using the theoretical anal-
ysis but needs to be generalized and put into a form which is useful for 
-aesi gn purpo-ses. 
72 
6. CONCLUSIONS AND RECOMMENDATIONS 
Based on the results of parametric studies of the time-dependent 
behavior of various simply supported prestressed concrete members, a set 
of factors for the estimation of prestress losses for pretensioned concrete 
bridge girders and other prestressed members were given in Chapter 4. Be-
cause the factors take into account the effects of varying environmental 
conditions, member size, time of transfer of prestress, age of the girders 
at the time of casting of the deck, deck dead load, initial level of stress 
at the concrete, and type of prestressing strands (stress-relieved strands 
or low-relaxation strands), the recommended procedure represents an improve-
ment over the previous methods. The interrelationships which exist between 
shrinkage, creep, relaxation of the prestressing steel, and elastic losses 
at release are taken into account. 
The conclusions can be summarized as follows: 
1. Age at release of prestress obviously makes some difference 
in the time-dependent prestress losses, with the total pre-
stress losses being greater and the total relaxation losses 
being smaller for earlier release of prestress. 
2. Time of casting of the deck makes some difference in the 
total prestress losses, with the total prestress losses being 
slightly smaller for earlier placement of the deck concrete. 
However, for practical purposes it is conservative to assume 
that casting of the deck takes place two or three months 
after the girders are cast; losses for later casting times 
are not appreciably greater. The differences between 
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relaxation losses for different times of casting of the deck 
are negligible. Prestress losses are larger than those com-
puted assuming the deck is always present and smaller than 
those found ignoring the deck dead load. 
3. Prestress losses are affected by the type of prestressing 
strands, with the losses obviously being greater for the 
case of stress-relieved strands than for low-relaxation strands 
under the same conditions. However, the reduction in relaxa-
tion losses is partially offset by an increase in creep losses 
when low-relaxation strands are used. In addition, prestress 
losses are affected by steel yield stress and initial prestress-
ing. For the same initial steel stress, the greater the yield 
stress of the steel, the less the total prestress loss, the 
less the relaxation losses, and the greater the creep losses. 
For girders prestressed with strands exhibiting the same yield 
stress, the greater the initial prestressing, the greater the 
total prestress losses and the greater the relaxation losses. 
Due to these facts, two sets of loss factors were recommended, 
one for the case of stress-relieved strands and the other for 
low-relaxation strands. 
4. The initial stress in the concrete is an important factor 
influencing prestress losses. The greater the initial pre-
stress level, the greater the total prestress losses and the 
lower the total relaxation losses. 
5. The effects of deck dead load in the total prestress losses 
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are significant, with the total prestress losses being smallest 
for the heaviest deck and greatest for the case of no deck. 
The effects on the relaxation losses are insignificant. 
6. The effects of varying environmental conditions on the total 
prestress losses are important, with the total prestress losses 
being greater for the lower average relative humidity. Total 
strains and total prestress losses of a beam located in the 
midwest are expected to lie within the bounds established by 
the 50 and 80 percent relative humidity values. Average values 
can be found by using a combination of creep at 50 percent R.H. 
and shrinkage at 80 percent R.H., using C.E.B. values. 
7. For the calculation of the concrete stresses immediately after 
release of prestress, the prestress losses due to relaxation 
of the steel before release and due to elastic shortening of 
the concrete at the time of release should be considered. 
8. The recommended set of factors is based on the analysis of 
bridge structures for a period of 2000 days (5.5 years), by 
which time the rates of change are extremely low. 
In summary, the following set of factors for the estimation of 
- prestress losses for pretensioned prestres~ed concrete members are recommended 
for design purposes: 
For the case of stress-relieved strands: 
~f = SH + ES + CR + CR 
s c s 
(6. 1 ) 
where: 
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SH = concrete shrinkage loss 
= F[14,OOO 2 1.4(R.H.) ] 
F = 1.25 - O.025d 
m 
d
m 
= theoretical thickness of the member, cm 
ES = elastic shortening loss 
E 
= ~ f where f. = concrete stress at the level of Ec cir Clr 
center of gravity of the prestressing steel immediately 
after release of prestress, including stress due to dead 
load of member. The designer could use the more compre-
hensive procedure given in Sec. 4.2 
CR = prestress loss due to creep of the concrete 
c 
For noncomposite construction 
CR = K (10f . ) 
c Clr 
where, K = creep factor as a function of the relative 
humidity and time of transfer of prestress (see Fig. 4.2). 
For composite construction 
CR = K (10f . 
c Clr 
where, fcds = change in concrete. stress at the level of 
the center of gravity of the prestressing steel due to 
dead load of the deck concrete and permanent formwork. 
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CRs = prestress losses due to stress relaxation of the prestressing 
steel 
2 
= FR· FI [25,000 - 0.3 ES - 0.15 (SH + CRc)] 
where, FR = relaxation factor as a function of steel yield 
stress. FR = 3.7 - 0.012 fy ' If fy = 225 ksi, FR = 1.0, 
and FI = relaxation factor as a function of initial pre-
stressing FI = 0.011 f . - 1.08. If f . = 189 ksi, FI = 1.0. 
S1 S1 
For the case of low-relaxation strands, Eq. 6.1 is again used, with 
the following changes in values of terms: 
SH and ES as defined for the case of stress-relieved strands. 
CR creep loss 
c 
For noncomposite construction 
For composite construction 
= 
CR prestress losses due to relaxation of the steel 
s 
= 
2 FRL FIL [7,000 - 0.10 fS - 0.05(SH + CRc)] 
where, FRL = relaxation factor as a function of steel yield 
stress, FRL = 3.88 - 0.012 fy . If fy = 240 ksi, FRL = 1.0. 
FIL = relaxation factor as a function of initial prestressing 
= 0.011 ·f . 
S1 
- 1.255. If fsi = 205 ksi, FIL = 1.0. 
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7. SUMMARY 
The main purpose of this investigation has been to study the long-
time behavior of composite and noncomposite pretensioned prestressed con-
crete bridge members which are subjected to sustained loads and to either 
fluctuating temperature and humidity under field conditions or constant en-
vironmental conditions. As a result, a much better understanding of the 
main parameters influencing the time-dependent prestress losses has been 
gained. 
The scope of this investigation was divided in two parts: 
1. The analytical study of the main parameters influencing the 
time-dependent prestress losses. 
2. The development of simple expressions for the prediction of 
prestress losses. 
The analytical study included a reexamination of Mossiossian's 
revised rate of creep method (17) as a method of analysis for the estima-
tion of the time-dependent strains, curvatures, stresses, and prestress 
losses in simply supported bridges. 
The main parameters influencing prestress losses selected in this 
study were: time of transfer of prestress, age of the girders at the time 
of casting of the deck, relative humidity, initial stresses in the concrete, 
deck dead load, type of prestressing strands (stress-relieved strands or low-
relaxation strands), creep and shrinkage characteristics of the concrete, 
and member size (effective thickness or volume/surface ratio). 
For purposes of analysis, it was assumed that the principle of 
superposition was valid and the single effects of each of the main parameters 
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were treated individually, i.e., in the analysis all variables were included 
with one at a time being treated as a variable. 
Based in this study, two recommended set of factors for the estimation 
of prestress losses were given, one for the case of stress-relieved strands and 
the other for the case of low-relaxation strands, as outlined in Chapters 4 
and 6. 
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Table 3.1 
Deck Section Properties Used in the Analysis 
Section Deck f 
Width Thickness Weight c 
(i n. ) (i n. ) (p 1 f) (psi) 
AASHO-III 0 0 0 
60 5 310 3000 
72 7.5 560 3000 
96 8 800 3000 
120 8 1000 3000 
Single-Tee 0 0 0 
96 1 100 3000 
96 1 .5 150 3000 
96 2 200 3000 
Double-Tee 0 0 0 
96 1 100 3000 
96 1 .5 150 3000 
96 2 200 3000 
54" - I Beam 60 5 310 3000 
96 8 800 3000 
120 8 1000 3000 
Date Time (1972 ) 
3 t;1a r 8:00 am 
8:40 
11 : 30 
1: 00 pm 
4:30 
4 Mar 9:00 am 
10:40 
1 : 1 0 pm 
3:00 
4:00 
5 Mar 7:00 am 
8:00 
6 r·1a r 
7 Mar 8:30 am 
10: 30 
1 : 00 pm 
2:00 
* 
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Table 3.2 
Chronology of Girder Construction, 
Champaign County Bridge 
Elapsed Task Time 
0:00 Beds clean, bulkheads and holddowns 
set, all strands place 
0:40 Start stressing strands 
3:30 Finish stressing strands 
* 5:00 Start placement of deformed bars * 
8:30 Finish placement of deformed bars 
25:00 Begin to set forms 
26:40 Finish setting forms 
28:70 Start placing concrete 
31 :00 Finish casting 
32:00 Start steam curing 
47:00 Start stripping forms 
48:00 Start installing gage points 
Install gage points 
96:30 Start zero readings 
98:30 Finish zero readings 
101 : 00 Start cutting strands 
102: 00 Finish cutting strands and move to 
storage 
Nonprestressed Reinforcement 
Table 3.3 
Bridge Construction and Locations of Girders at Various Times, 
Champaign County Bridge 
4 March 1972 Cast Girders BX-5, BX-6 
7 March 1972 Release prestress and move beams off beds 
storage 
28 March 1972 BX-5 arrives at bridge site and is set on 
4 Apri 1 1972 BX-6 arrives at bridge site and is set on 
3 May 1972 Cast deck 
to 
piers 
piers 
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Table 4.1 
Prestress Losses Due to Shrinkage of the Concrete, 
1973 AASHO Standard Specifications 
Avg. R.H" 
100-75 
75-25 
25-0 
Table 4.2 
SH (ps i ) 
5000 
10000 
15000 
Prestress Losses Due to Shrinkage of the Concrete, 
1973 Proposed Revision to the AASHO Standard Specifications, 
Section 1.6.7(B) 
SH = 17000 - 150 R.H. 
Avg. R.H. SH (ps i ) 
100 2000 
90 3500 
80 5000 
70 6500 
60 8000 
50 9500 
40 11000 
30 12500 
20 14000 
10 15500 
0 17000 
Table 4.3 
Prestress Losses Due to Shrinkage of the Concrete, 
Proposed Shrinkage Loss Value 
SH = F(14000 - 1.4 R.H. 2) 
F = 1.25 - 0.025 d 
m 
d = Area of cross section ~ ..... 
m 1/2{Perimeter exposed to atmosphere) 
R.H. 100 90 80 70 60 50 40 30 20 10 0 
dm = 10 cm 0 2660 5040 7140 8960 10500 11760 1-2740 13440 13860 14000 F = 1.0 
0:, 
d = 15 cm ~ 
m 0 2328 4410 6247 7840 9187 10290 11147 11760 12127 12250 F = 0.875 
d m = 20 em 
F = 0.75 0 1995 3780 5355 6720 7875 8820 9555 10080 10395 10500 
Table 4.4 
Summary of Loss Factors for the Estimation of Prestress Losses 
Shrinkaqe Loss Elastic Loss Creep Loss Relaxation Loss 
SH ES CRc CRS 
P. - P 
ES =' 0 
Ast 
Proposed Set of 
F(14,000 - 1.4R.H. 2) MOLeAstn 2 Loss Factors Pi + r K[lOfcir - 7fcds] FRFr [25,000 - 0.3ES -(Stress Relieved P = 
Strands) 0 ne2A 0.15(CRc + SH)] 1 + np + ~ 
F.s 
or ES = fcir Ec 00 U'l 
Proposed Set (If 
F(14,000 - 1.4R.H. 2) 2 Loss Factors Same as above . K[llfcir - 7fcds ] FRL F1L [7,000 - 0.10ES -(Low-Relaxation 
Strands) 0.05 (CRc + SH)] 
Gamble's Loss see Tabl e 4. 1 Es ES = f - l2f cr - ?fcd 20,000 - 0.4ES -Factors cr Ec 0.2(CRc + SH) 
Es . 
1973 AASHO 17 ,000 - 150R. H. ES = fcir r 12fcir - 7fcds 20,000 - 0.4ES -Proposal c 0.2(CRc + SH) 
1973 AASHO 
Standard Spec"- see Table 4.1 ES = 7fcr 16fcd 20,000 - 0.125(SH + fications ES + eRc) 

* Deck Transfer Cast 
Beam Width x Thickness at Deck 
Secti on Weight (days) (days) 
AASHO-I I I No Deck 2-1/2 
No Deck 2-1/2 
No Deck 2-1/2 
96xB-800 1 90 
96x8-800 1 90 
60x5-310 1 90 
96x8-800 1 28 
96x8-800 1 90 
96x3-800 1 90 
96x8-800 1 90 
96x8-800 1 90 
96x8-800 1 90 
96x8-800 1 90 
60x5-310 2-1/2 28 
96xB-800 2-1/2 180 
96x8-800 2-1/2 90 
72x7.5-560 2-1/2 90 
96x8-800 2-1/2 90 
60x5-310 2-1/2 90 
96x8-800 2-1/2 90 
96x8-800 2-1/2 90 
96x8-800 2-1/2 90 
96x8-800 2-1/2 90 
96x8-800 2-1/2 90 
96x8-800 2-1/2 90 
96x8-800 2-1/2 28 
96x8-800 2-1/2 90 
96x8-800 2-1/2 90 
96x8-800 2-1/2 90 
60x5-310 2-1/2 90 
60x5-310 2-1/2 28 
96x8-800 2-1/2 56 
120x8-1000 2-1/2 90 
96x8-800 2-1/2 90 
60x5-310 2-1/2 90 
96x8-800 4 90 
60x5-310 7 90 
96x8-800 7 90 
96x8-800 7 90 
96x8-800 7 90 
No Oeck 2-1/2 
Si ngl e- Tee No Deck 2-1/2 
No Deck 2-1/2 
No Deck 2-1/2 
96x2-200 2-1/2 90 
96x2-200 2-1/2 90 
96x2-200 2-1/2 90 
96x1.5-150 2-1/2 90 
96xl-100 2-1/2 90 
loubl e-Tee :10 Deck 2-1/2 
rio Deer. 2-1/2 
96x2- 200 2-1/2 90 
96x2-200 2-1/2 90 
96xl.5-15n 2-1/2 90 
96x1.5-150 2-1/2 ')0 
96xl.5-150 2-1/2 90 
96xl-l00 2-1/2 90 
54" I Beam 9Eix~-800 2-1/2 90 
f.i)x5- 31 0 2-1/2 9n 
120x8-1000 2-1/2 90 
60x?- 310 2-1/2 90 
96x8-30n 2-1/2 90 
96x8-8r)i) 2-1/2 90 
No. of 
Strands 
rp 1/2" 
20 
22 
22 
22 
20 
20 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
20 
24 
24 
26 
20 
20 
20 
22 
22 
22 
22 
20 
22 
20 
24 
20 
22 
22 
24 
22 
20 
22 
12 
14 
16 
12 
14 
16 
14 
14 
lA 
24 
18 
24 
18 
20 
24 
24 
34 
30 
34 
34 
32 
30 
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Table 5.1 
Theoretical and Estimated Prestress Losses, 
Stress-Relieved Strands 
Elastic Losses (psi) Relaxation Losses (psi) 
Proposed 1973 AASHO 1973 AASHO 1973 AASHO pe' Proposa 1 Theor. Proposed Proposa 1 1<l73 AASflO 
9,057 9,057 10,850 18,699 19,264 11,455 14,918 
10,202 10,202 12,110 18,026 18,612 11 ,524 14,401 
10,202 10,202 12,110 16,490 16,158 <l,603 13,776 
10,364 10,364 12,292 18,085 19,n?3 11,439 15,420 
9,054 9,054 10,878 18,951 19,A31 12,53A 16,001 
9,054 9,054 10,878 18,384 19,261 11 ,A77 15,331 
10,364 10,364 11 ,508 18,504 19,n17 11 ,833 15,740 
10,440 8,71i0 9,870 
10,400 10,850 12,160 
10,320 13,100 14,140 
10,250 15,530 16,798 
11,840 30,500 30,580 
9,750 9,950 11 ,900 
10,202 10,202 12,110 18,421 lA,922 10,916 14,7137 
10,202 10,202 12,110 18,733 19,415 11,574 15,493 
10,202 10,202 12,110 18,816 19,415 11,574 15,493 
10,202 10,202 12,11 0 18,548 19,174 11 ,752 15,165 
10,202 10,202 12,110 20,765 20,863 12,175 15,493 
10,202 10,202 12,110 20,410 20,687 11 ,519 14,825 
9,057 9,057 10,843 21,377 21,379 13,133 16,015 
11 ,332 11 ,332 13,370 20,179 20,353 11 ,227 14,977 
11 ,332 11,332 13,370 18,157 18,765 10,625 14,977 
12,447 12,447 14,602 17,539 18,125 9,691 14,469 
9,057 9,057 10,843 19,510 20,073 12,533 16,015 
9,057 9,057 10,843 18,007 18,364 11,633 15,390 
9,057 9,057 10,843 19,950 20,068 12,526 16,015 
10,202 10,202 12,11 0 17,263 17,497 10,674 14,868 
10,202 10,202 12,110 18,115 113,748 11 ,267 14,870 
10,202 10,202 12,110 19,625 20,113 11 ,867 15,495 
10,202 10,202 12,110 16,743 16,679 10,()19 14,200 
9,054 9,054 10,843 19,090 19,576 11 ,87l 15,345 
10,202 10,202 12,11 0 19,015 19,41n 11,567 15,495 
9,054 9,054 11 ,508 19,750 20,275 12,801 16.206 
11 ,332 11,332 13,370 16,571 16,640 '.',725 14,352 
9,054 9,054 11,508 18.937 19,578 12,079 15.262 
10,120 10,120 12,019 19,285 19,1i09 11 ,h43 ' 15,532 
9,864 9,81>4 11,781 19,380 19,510 11 ,200 14,962 
10,965 10,965 13,013 19.370 19,337 10,932 15.124 
9,864 9,864 11 ,781 19.939 19,920 11,857 15,630 
8,746 8,746 10,528 20,542 20,512 12,794 16,143 
10,202 In,202 12,110 20,001 20,421 11 ,103 14,401 
A,170 8,170 9,562 17,926 19,582 12,194 15,447 
11 ,020 11 ,020 12,390 16,121 17,956 9,A2n 14,286 
13,778 13,778 15,134 14,602 16,383 7,524 13,159 
8,170 8,170 9,562 18,949 2n,311 13,167 16,467 
11 ,020 11,020 12,390 16,951 18,675 10,779 15,306 
13,778 13,778 15,134 15,280 17,092 8,471 14,179 
11 ,020 11 ,020 12,390 16,715 18,495 10,540 15,052 
11 ,020 11 ,020 12,390 16,484 18,316 10,301 14,796 
5,853 5,853 8,379 19,678 20.904 14,124 15,933 
11 ,264 11 ,264 14,014 16,151 17,816 9,617 13.619 
5,853 5~853 8,379 20,844 21,650 15,126 16,979 
-]1,264 11,264 -14,014 16,840 18,547 10,592 14,665 
5,853 5,853 8,379 20,533 21,467 14,876 16,717 
7,696 7,696 10,297 17,333 18,564 12,435 15,931 
11 ,264 11 ,264 14,014 16,620 18,3fi4 10,348 14,403 
11,264 11 ,264 14,014 16,401 18,18? 10,104 14,143 
11,668 ' 11 ,668 14,273 18,791i 18,563 10,320 14,646 
9,984 9,984 12,243 18,414 19,060 l1,lHi 14,786 
11 ,668 11 ,668 14,273 19,030 18,769 10,591' 14,930 
11 ,668 11 ,668 14,273 18,255 18,055 . 9,644 13,952 
10,824 10,824 13,188 18,501 19,089 11 ,094 15,090 
9,984 9,984 12,243 19,003 19,572 11 ,798 15,480 
Table 5.2 
Comparison of Theoretical and Estimated Prestress Losses, 
Low-Relaxation Strands 
Beam Release Cast No. of Total Loss (psi) CRc (psi) SH (psi) ES (psi) CRs (psi) 
Section Deck at Deck Strands R.H. fcfr f cds Theor. Proposed Theor. Proposed Theor. Proposed Theor. Proposed Theor. Proposed (days) (days) 
Single-Tee 2-1/2 90 12 80 1857 696 36,393 35,830 16,192 15,555 5,348 5,040 10,295 10,295 4.558 4.940 
2-1/2 90 14 80 2427 685 45,931 44,707 22,982 21.902 5,348 5,040 13,458 13,45:3 4,143 4,307 
2-1/2 90 16 80 2979 676 54,726 53.289 29,075 28,037 5,348 5,040 16,518 16,518 3,784 3.694 
AASHO-III 96x8-800 2-1/2 90 24 80 2311 761 40,996 41,214 19,780 20,094 3,835 3,780 12,816 12.811; 4.564 4.524 
60x5-800 2-1/2 90 24 80 2311 295 45,105 44,313 23,984 23,356 3,835 3,780 12,816 12,816 4,469 4,361 
96x8-800 2-1/2 90 22 80 1947 765 33,978 33,983 15.912 16,062 3,835 3,780 10,794 10,794 3,436 3,347 
96x8-800 2-1/2 90 20 80 1859 771 34:081 34.168 15.086 15,052 3,835 3,780 10,309 10,309 4.852 5,027 
96x8-800 90 20 80 1866 771 35,877 36.428 17,014 17,398 3,835 3,780 10,343 10,343 4,683 4.907 
96x8-800 7 90 20 80 1852 771 30,900 31 .683 11,718 12,474 3,835 3.780 10.269 10,269 5,077 5,160 CO 
96x8-800 4 90 20 80 1856 770 32,617 33,043 13,533 13,884 3,835 3,780 10,291 "'-J 10,291 4.957 5.088 
96x8-800 2-1/2 90 20 80 1731 770 30,635 30,540 13,638 13,651 3.835 3,780 ·9.599 9,599 3,560 3,510 
96x8-800 1 90 22 80 1678 766 29,600 30,080 14,670 15,060 3,835 3,780 9,300 9,300 1,794 1,940 
54"-I-Beam 96x8-800 2-1/2 90 30 80 1903 796 33,910 34,681 15,154 15,361 3,835 3,780 10,552 10,552 4,368 4.988 
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Fig. 4.1 Prestress Loss Due to Shrinkage of the Concrete 
as a Function of the Relative Humidity in the 
Field and Theoretical Thickness of the Member 
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APPENDIX A 
PRESTRESSED CONCRETE GIRDERS SELECTED IN THE STUDY 
In this investi9ation typical precast prestressed concrete girders 
were selected for the study of the time-dependent prestress losses of com-
posite and noncomposite prestress concrete girders. 
In addition to the 42 and 48 in. Illinois standard girders used in 
the Douglas County, ,Jefferson County, and Champaiqn County bridges, four 
different types of sections were chosen for the analysis of simply supported 
prestressed girders. 
The additional girders considered were: AASHO-Type III girder, 
a Single-Tee girder, Double-Tee girder, and an Illinois standard 54 11 -1 beam. 
Cross sections properties of these girders, as well as spans used are given 
in Figs. A.l to A.5. Area of prestressing steel and values of initial pre-
stressing were taken as variables. 
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APPENDIX B 
NOTATION 
The nomenclature used in this work are defined where they first 
appear. A summary of the nomenclature used is given below: 
A area of beam concrete section 
c 
Ast area of prestressing steel 
CR prestress losses due to creep of the concrete, in psi c 
CR prestress losses due to relaxation of the steel, in psi 
s 
o degree of hardening of the concrete at the moment of loading 
Ec Young's modulus of concrete at 28 days 
E . Young's modulus of concrete at the time of transfer of prestress 
C1 
E secant modulus of concrete at 28 days 
co 
Est Young's nodulus of prestressinq steel 
ES prestress losses due to elastic shortening of thr. concrete, 
in psi 
F influence of specimen size on shrinkage losses 
influence of initial prestressing on relaxation losses (stress-
relieved strands) 
influence of initial prestressin~ on relaxation losses (low-
relaxation strands) 
I 
K 
P. 
1 
R 
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influence of steel yield stress on relaxation losses (stress-
relieved strands) 
influence of steel yield stress on relaxation losses (low-
relaxation strands) 
moment of inertia of cross section of the beam concrete 
influence of relative humidity and time of transfer of prestress 
on creep losses 
influence of transfer of prestress on creep losses 
influence of relative humidity on creep losses 
influence of composition of concrete mix on creep and shrinkage 
influence of ambient relative humidity on creep 
influence of age of the concrete at time of loadinq on creep 
influence of specimen size on creep and shrinka0e 
influence of longitudinal reinforcement on shrinkage 
time-strain relationship for-creep and shrinkage 
dead load moment of beam concrete 
prestressing force just before transfer of prestress 
prestressing force immediately after transfer of prestress 
time from stressing to transfer, days 
R. H. 
SH 
d 
m 
e 
e end 
f cds 
f . Clr 
f 
cr 
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ambient relative humidity, in percentage 
prestress losses due to shrinkage of the concrete, in psi 
temperature in centigrades 
temperature in fahrenheit 
theoretical thickness of the member 
eccentricity of prestressing strands 
eccentricity of prestressin~ strands at midspan 
eccentricity of prestressing strands at end of the span 
average concrete stress at the level of the center of gravity 
immediately after transfer of prestress and including the stress 
due to dead load of girder and deck 
change in concrete stress at the level of the center of qravity 
of the steel at the section considered due to dead load of the 
deck concrete and permanent form\~ork 
concrete stress at the level of the center of gravity of the 
prestressing steel immediately after transfer of prestress 
and including the stress due to dead load of girder 
average concrete stress at the level of the center of gravity 
of the prestressing steel immediately after transfer of prestress 
and including the stress due to dead load of girder 
steel stress at time t 
f . 
S1 
n 
p 
r 
t 
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initial steel stress immediately after stressing 
steel stress at an off-set strain of 0.001 
modular ratio 
percentage of longitudinal reinforcement 
ratio of approximate to theoretical values 
time after application of load 
distance from bottom fiber to center of gravity of the section 
total estimated prestress losses, in psi 
number of days during which hardening has taken place at TOC 
creep coefficient 
influence of relative humidity on shrinkage 
creep strain of concrete at time t 
instantaneous elastic strain of the concrete due to the 
application of load at time to 
shrinkage strain of concrete at time t 
constant stress the concrete is subjected to at time to 

